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Abstract: The tumor microenvironment is an important concept that defines cancer development not
only through tumor cells themselves but also the surrounding cellular and non-cellular components,
including stromal cells, blood vessels, infiltrating inflammatory cells, cancer stem cells (CSC),
cytokines, and growth factors, which act in concert to promote tumor cell survival and metastasis.
Hepatocellular carcinoma (HCC) is one of the most common and aggressive human malignancies
worldwide. Poor prognosis is largely attributable to the high rate of tumor metastasis, highlighting
the importance of identifying patients at risk in advance and developing novel therapeutic targets to
facilitate effective intervention. Long non-coding RNAs (IncRNA) are a class of non-protein coding
transcripts longer than 200 nucleotides frequently dysregulated in various cancer types, which have
multiple functions in widespread biological processes, including proliferation, apoptosis, metastasis,
and metabolism. IncRNAs are involved in regulation of the tumor microenvironment and reciprocal
signaling between cancer cells. Targeting of components of the tumor microenvironment or cancer
cells has become a considerable focus of therapeutic research and establishing the effects of different
IncRNAs on this network should aid in the development of effective treatment strategies. The current
review provides a summary of the essential properties and functional roles of known IncRNAs
associated with the tumor microenvironment in HCC.

Keywords: tumor microenvironment; hepatocellular carcinoma; long non-coding RNA; therapeutic target

1. Introduction

The tumor microenvironment is an important concept that defines cancer development not by
tumor cells alone but also the surrounding cellular and non-cellular components, including stromal
cells, blood vessels, infiltrating inflammatory cells, cancer stem cells (CSC), cytokines, and growth
factors, which act together to promote tumor cell survival and metastasis [1]. Stromal cells are
recruited and activated in tumor progression, in turn, triggering downstream signals that promote
invasion to distant organs. The surrounding environment appears to be a crucial partner for tumor
cells and provides several of the hallmark functions necessary for angiogenesis, tumor formation,
and metastasis [2]. Targeting of components of the tumor microenvironment or cancer cells is currently
a considerable focus of research interest. In particular, angiogenesis and inflammatory pathways
are well-characterized targets for inhibition in hepatocellular carcinoma HCC therapy. For instance,
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sorafenib, a multiple kinase inhibitor, is one of the most effective suppressors of cell growth and
angiogenesis in patients with late-stage HCC.

HCC is among the most common and aggressive human malignancies worldwide. A number
of contributory mechanisms to accelerated tumor formation have been proposed to date, including
telomere dysfunction and alterations in the microenvironment that induce cell proliferation [3,4].
Another important factor underlying poor prognosis of HCC is the high rate of tumor metastasis.
The aggressive nature of the disease highlights the urgent need to identify patients at risk in advance
and develop novel targeted agents for successful intervention [5]. Metastasis is a complex process
regulated by multiple intrinsic and extrinsic cellular factors. Improved understanding of the associated
molecular mechanisms should aid in the development of effective metastasis-targeted therapies and
improvement of overall prognosis of patients with HCC [6].

The traditional concept of gene function in molecular biology is the central dogma explaining
protein-coding genes (DNA—mRNA— protein). Notably, however, less than 2% of the mammalian
genome encodes protein with >90% representing noncoding RNA (ncRNA) [7]. Accumulating
evidence has demonstrated the significance of ncRNAs in the regulation of multiple major biological
functions controlling development, differentiation, metabolism, cell growth and tumor progression [8].
In general, ncRNAs are classified into two groups based on length, designated small ncRNA and
long ncRNA (IncRNA). Small ncRNAs include microRNA (miRNA), transfer RNA (tRNA) and
some ribosomal RNA transcripts. MiRNAs are small (~22 nt) non-coding transcripts [9,10] that
regulate gene expression at the post-transcriptional or translational level and thereby modulate
physiological functions, such as cell growth, migration, invasion, sphere formation and metastasis [11].
Moreover, miRNAs have the ability to regulate hundreds of target genes simultaneously and thus
control multiple signaling pathways [12]. Several lines of evidence have demonstrated differential
expression of miRNAs, such as miR-155 [13], miR-34a [14] and miR-26 [15], in stromal cells of the
tumor microenvironment and their contribution to liver cancer formation.

IncRNAs are a class of non-protein coding transcripts greater than 200 nucleotides in
length [16] frequently dysregulated in various cancers, which also play multiple roles in biological
processes, such as proliferation, apoptosis, metastasis and metabolism [8,17]. These transcripts
regulate gene expression through effects on the production, splicing, decay or translation of target
mRNAs. Interestingly, IncRNAs are transcribed from intergenic regions, antisense strands, introns,
gene regulatory regions (promoters and enhancers), untranslated regions (UTR) and telomeres [18,19]
and form RNA-RNA, RNA-DNA or RNA-protein interactions to perform their specific activities.
IncRNAs are reported to function as guide, scaffold, signaling and decoy RNAs [20] (Figure 1).
Guide IncRNAs, such as X inactive-specific transcript (Xist) and Hox transcript antisense RNA
(HOTAIR), regulate gene expression in cis or in trans through recruiting chromatin-modifying
enzymes to specific genomic regions [21,22]. As scaffold IncRNAs, HOTAIR or metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1) recruit multiple proteins to form ribonucleoprotein
complexes and modulate gene expression [23]. Several signaling IncRNAs, including HOTAIR
and regulator of reprogramming lincRNA (linc-ROR), act as molecular signals and integrate with
specific signaling pathways [24] while the decoy IncRNAs, for instance, P21-associated ncRNA DNA
damage activated (PANDA) and MALAT1, sequester transcription factors away from chromatin and
regulate gene expression. Functional small peptides encoded by IncRNAs have been identified that
are involved in cellular functions [25]. Increasing evidence suggests that the stability of IncRNAs is
regulated by miRNAs. On the other hand, IncRNAs can act as competing endogenous (ce) RNAs and
sequester specific miRNAs away from their target genes, consequently inhibiting miRNA-mediated
functions [26]. Interplay patterns between IncRNAs and miRNAs appear to be crucial events in cancer
progression. Emerging data support the involvement of IncRNAs in tumor-stroma communication,
a potentially important event in cancer progression. Recently, Sang et al. [27] demonstrated that
IncRNA for calcium-dependent kinase activation (CamK-A) is upregulated in several cancers and
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involved in regulation of the tumor microenvironment through activation of calcium (Ca?*)-mediated
effects, consequently promoting macrophage recruitment, angiogenesis and cancer progression.

The main objective of this review is to summarize the basic properties and functional roles
of the IncRNA-associated tumor microenvironment in HCC. In particular, we have encapsulated
current knowledge on the contribution of hypoxia, cytokine- and exosome-modulated IncRNAs to
tumor microenvironments that promote angiogenesis, metastasis and drug resistance, with the aim
of providing indicators that may serve as future therapeutic markers for various areas of the tumor
microenvironment/IncRNAs.

A B
Epigenetic regulation (e.g., HOTAIR, Xist) Scaffold (e.g., HOTAIR, MALAT1)
Chromatin ASO —] coregulator
H3K4me3 :
ASO _| PRC2 modifier = /
. H3K27me3 [
(_ ~ proteins me =i !
C D

miRNA sponge (e.g., IncRNA-ATB)

Decoy (e.g., PANDA, MALAT1)

ASO =] \3\&

AN .
. - miRNA ——

mRNA

Y

miRNA binding site

Figure 1. Different mechanisms of action of long non-coding RNAs (IncRNAs). IncRNAs mediate
functions by regulating gene expression via diverse molecular mechanisms. (A) IncRNAs associate
with chromatin-modifying complexes to modulate epigenetic modifications. (B) IncRNAs interact with
transcriptional factors (TF) or coregulators to regulate gene expression. (C) IncRNAs sequester TFs
away from chromatin to regulate gene expression. (D) IncRNAs serve as a sponge and interact with
miRNAs to suppress miRNA-mediated effects. Antisense oligonucleotides (ASO) target IncRNAs,
which associate with modulators that translocate to the nucleus, potentially providing a mechanism for
targeting these pathways.

2. Cellular Components of the Tumor Microenvironment

Tumor progression is significantly attributable to surrounding non-tumor cells and non-cellular
components secreted from the microenvironment. IncRNA-associated cellular and non-cellular
components of the tumor microenvironment in HCC are summarized in Table 1. Cellular components
of the tumor microenvironment include cancer-associated fibroblasts (CAF), hepatic stellate cells,
tumor-associated macrophages (TAM), endothelial cells, cancer stem cells (CSC), and other immune
factors that play crucial roles in inflammation and immunosuppression (Figure 2A) [28,29]. Secreted
non-cellular components, including growth factors, cytokines, extracellular matrix proteins and
metabolites [30,31], are also crucial in shaping tumor phenotypes and drug responses (Figure 2B).
The cellular components are described below.
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Figure 2. Schematic depiction of significant IncRNAs involved in interactions of hepatoma cells
with tumor microenvironment components. (A) Cellular components: cancer-associated fibroblasts
(CAF), hepatic stellate cells (HSC), tumor-associated macrophages (TAM), endothelial cells and cancer
stem cells (CSC) cross-talk with hepatoma cells via multiple IncRNAs, as indicated. (B) Non-cellular
components: reciprocal regulation of hypoxia, cytokines, TGF-f31, exosomes, matrix metalloproteinases
(MMPs), and IncRNAs.

2.1. Cancer-Associated Fibroblasts

Several studies have highlighted the importance of cross-talk between cancer cells and CAFs.
These molecules induce oncogenic phenotypes through production of various extracellular matrix
proteins, growth factors and cytokines [32,33], such as hepatocyte growth factor (HGF), fibroblast
growth factor (FGF), epidermal growth factor (EGF) and transforming growth factor 3 (TGF-3) [34-36].
In addition, HCC cells can be co-cultured with CAFs in vitro. CAFs induced by tissue inhibitor
of metalloproteinase 1 (TIMP-1) suppress HCC apoptosis through increasing the Bcl-2/BAX ratio
in association with SDF-1/CXCR4/PI3K/AKT signaling [37]. Moreover, CAFs recruit regulatory
dendritic cells and facilitate their acquisition of a tolerogenic phenotype through interleukin
(IL)-6-mediated signal transducer and activator of transcription 3 (STAT3) activation along with
upregulation of Treg via secretion of TGF-f in tumor microenvironments [38]. Signals triggered
from cancer cells to CAFs promote tumor survival via these immunosuppressive phenotypes.
The IncRNA, LINCO00092, is upregulated in ovarian cancer and correlated with poor prognosis.
LINCO00092 is induced by CAF-secreted CXCL14 and enhances cell metastasis through modulation of
phosphofructo-2-kinase/fructose-2 and 6-biphosphatase 2 (PFKFB2) expression [39]. These findings
suggest that ovarian cancer cells and CAFs form a positive feedback loop driving glycolysis and
tumor progression. The traditional anti-tumor approach involves targeting of epithelial cancer
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cells. An alternative effective strategy to inhibit tumor formation would be to target CAFs and
their communication networks, such as IncRNAs.

2.2. Hepatic Stellate Cells

During liver injury, HSCs undergo an important phenotypic change to become myofibroblasts
that promote cell growth ability and induce alpha smooth muscle actin (x-SMA) and «-1 collagen
expression [40]. Activated HSCs are responsible for production of cytokines, chemokines, growth
factors and the extracellular matrix (ECM) [41]. Additionally, these cells penetrate the stromal
environment of tumors and coexist with tumor sinusoids, fibrous septa and capsules. Cells treated
with conditioned medium from HSC show enhanced growth and migration though modulation of
NF-«B and extracellular-regulated kinase (ERK) pathways in vitro [42]. Bian et al. [43] reported a novel
mechanism for epigenetic regulation in liver fibrogenesis involving IncRNA-IncRNA interactions.
HOTAIR expression was shown to be significantly upregulated in CCly-treated mouse models, human
fibrotic liver and activated HSCs. HOTAIR, a component of the polycomb repressive complex 2 (PRC2)
complex, controls H3K27me3 modification of chromatin at the promoter region of maternally expressed
gene 3 (MEG3) and functions as a competing endogenous RNA (ceRNA) mediating repression of
MEGS3 via different pathways potentially attributable to localization in HSCs. This is an interesting
finding, as it was thought up to now that this IncRNA is switched “on” or “off” in a manner dependent
on another IncRNA. Mediation of this control through IncRNAs associated with epigenetic regulators
provides an additional level of HSC activation and liver fibrogenesis. Li and co-workers analyzed
the expression profiles of IncRNAs in HSC myofibroblasts to ascertain their potential regulatory
roles in HSC activation and quiescence and hepatic fibrosis development. The key IncRNAs that
could serve as therapeutic targets for suppression of liver fibrosis progression and their regulatory
mechanisms were consequently determined. For example, the group reported that NONHSAT200340.1
targets FGF2 to regulate activation of hHSCs via c-Jun N-terminal kinases (JNK) signaling. Another
IncRNA, LTCONS_00038568, was shown to target netrin-4 (NTN4) and modulate liver fibrosis through
inhibition of epithelial-mesenchymal transition (EMT) [44].

2.3. Tumor-Associated Macrophages

The anti-tumor response within the HCC microenvironment is impaired due to immune
suppression through the activities of tumor-associated macrophages (TAM) [45]. Intercellular
communications between tumor and stromal cells via TAMs play a crucial role in hepatoma [46].
TAMSs, mainly comprising the infiltrating leukocyte population, are important for tumor progression.
These cells are localized in the stromal component of the tumor mass and polarized to active
status [46,47]. Specifically, M2-like TAMs act through the STAT3 signaling pathway and are involved in
regulating angiogenesis and metastasis during HCC progression [48]. A number of cytokines, such as
IL-4 and IL-10, expressed in the tumor microenvironment trigger TAM polarization to M2-type cells.
M2-type TAM expresses a distinctive set of cytokines, including IL-10, and the chemokines CCL17,
CCL22 and CCL24, inducing Treg association and inactivation of the Th2 polarized immune response.
On the other hand, M2 macrophages are reported to induce vascular endothelial growth factor (VEGF)
expression and promote tissue repair and angiogenesis. Kupffer cells are liver-specific TAMs capable
of impairing the immune response mediated by T-cell CD8* through association with programmed
death 1 (PD1) and programmed death ligand-1 (PD-L1) [49,50]. Huang et al. [51] demonstrated that
knockdown of MALAT1 in TAM represses cell growth, migration and invasion of thyroid cancer
cell line and reduces angiogenesis. Moreover, these effects were attenuated by overexpression of
FGF2. In addition, HIF1A-AS1 was shown to be upregulated by TNF-« via promoting caspase 3
expression in Kupffer cells. Cell apoptosis was enhanced by TNF-« but suppressed upon knockdown
of HIF1A-AS] [52]. These findings support the utility of strategies aimed at modulating the expression
of dysregulated IncRNAs in TAMs to facilitate repression of pro-tumorigenic properties.
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2.4. Endothelial Cells

Endothelial cells are responsible for supporting blood vessel formation and tumor neovasculature.
These cells have multiple functions and participate in various molecular signaling pathways in
HCC and normal tissues. Several angiogenic receptors, such as C-X-C chemokine receptors (CXCR),
epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR), have been expressed in vitro. Interactions of ligands
with these receptors activate signal transduction pathways that trigger survival, proliferation and
invasion of endothelial cells [53]. Moreover, tumor-associated endothelial cells display high TGF-{31
and CD105 expression. TGF-f31 acts as a chemoattractant for CD105-expressing endothelial cells that
promote angiogenesis [54]. Notably, CD105* endothelial cells from HCC display features of increased
angiogenesis activity with higher resistance to chemotherapeutic agents and angiogenic inhibitors [55].
Previously, knockdown of taurine up-regulated gene 1 (TUG1) led to remarkable suppression of
tumor-induced endothelial cell proliferation, migration and angiogenesis in vitro [56]. Similar results
were obtained in xenograft mouse models. Highly upregulated in liver cancer (HULC), an oncogenic
IncRNA, is significantly expressed in HCC [57]. Expression levels of these molecules are correlated with
those of sphingosine kinase 1 (SPK1), VEGF and endothelial cell-specific molecule 1 (ESM1) in tumor
tissues. Overexpression of HULC promotes tumor angiogenesis, which is blocked in SPK1-depleted
cells. Conversely, its knockdown suppresses angiogenesis, tumor cell proliferation and invasion.
Furthermore, HULC acts as a ceRNA to inhibit miR-107-mediated suppression of E2F1 and induces
angiogenesis, both in vitro and in vivo. Inhibition of E2F1 promotes SPK1 transcription. IncRNA
associated with microvascular invasion in hepatocellular carcinoma (MVIH) is encoded in the intron
of ribosomal protein 524 (RPS24) gene. MVIH is highly expressed in HCC and positively correlated
with tumor growth and intrahepatic metastasis [58] via activation of angiogenesis in mouse models.
Phosphoglycerate kinase 1 (PGK1) has been shown to interact with MVIH using the RNA pulldown
assay. Moreover, MVIH overexpression is associated with inhibition of PGK1 secretion. PGK1 secreted
by tumor cells inhibits angiogenesis and exerts a negative impact on tumor growth and metastasis.
A study by Zheng et al. [59] demonstrated that IncRNA-plasmacytoma variant translocation 1 (PVT1)
promotes growth, migration and tube formation of endothelial cells. PVT1 inhibits miR-26b activity
and induces connective tissue growth factor and angiopoietin 2 expression. Accordingly, the term
“Angio-IncRs”, signifying regulation or association with angiogenesis, has been coined [60]. The finding
that angiogenesis can be directly or indirectly regulated by IncRNAs further supports the targeting of
these molecules to improve angiogenesis-mediated outcomes.

2.5. Association between IncRNAs and Cancer Stem Cells

Cancer exists as a heterogeneous population of cells. The different cell types within the population
have distinct phenotypic and functional properties, thus limiting therapeutic efficacy. CSC or
Tumor-Initiating Cell (TIC) concepts provide an alternative explanation for the failure of existing
therapies. Accumulating evidence suggests that CSCs are the root of cancers and responsible for
metastasis and resistance to traditional therapies [61,62]. CSCs can self-renew and have pluripotent
capacity [63]. CSCs or TICs have been identified in multiple cancer types, including liver cancer.
Based on their unique characteristics, CSCs are proposed as critical promotors of tumor initiation,
development, metastasis and recurrence. CSC proliferation is regulated by various extrinsic factors
derived from the cell microenvironment. For instance, HOTAIR is reported to enhance human liver CSC
growth through inhibiting associations of P300, CREB and RNA pol II with the SETD2 promoter region,
leading to suppression of SETD2 phosphorylation and expression [64]. IncTCF7 is another critical
participant in the regulation of CSC maintenance and renewal in HCC [65] that contributes to cancer
progression and development. This IncRNA promotes expression of its target gene, TCF7, through
enhancing interactions between the SWI/SNF complex and the TCF7 promoter for transcription.
Both IncTCF7 and TCF7 are involved in mediating sphere formation of liver cancer cells, highlighting
their importance in CSCs. IncRNA-calmodulin binding transcription activator 1 (CAMTAT1) is reported
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to be upregulated in liver CSCs (CD13* /CD133" cells), compared with non-CSCs derived from parental
Huh?7 and HepG2 cells. Additionally, IncCAMTAL1 is highly expressed in HCC tissues. Another study
showed that functionally, IncCAMTA1 suppresses the promoter activity of CAMTAL1 and induces
a repressive chromatin structure, HCC cell proliferation and CSC-like properties [66]. Wang et al. [67]
demonstrated that overexpression of PVT1 promotes cell proliferation through regulation of cell
cycle-related genes and induces a stem cell-like phenotype of SMMC-7721 cells by stabilizing nucleolar
protein 2 (NOP2) nucleolar protein. IncRNA-H19 has been identified in exosomes released by
CSC-like CD90* cells. Interestingly, higher expression of IncRNA H19 was detected in exosomes
derived from CD90* Huh? relative to parental Huh?7 cells. Moreover, IncRNA H19 was shown to
induce pro-angiogenic factors, such as VEGF, in human umbilical vein endothelial cells (HUVECsS)
and promote adhesion of CD90* Huh?7 cells to endothelial cells [68]. The IncRNA associating with
Brahma (IncBRM) is additionally highly expressed in HCC tumors and CSC-like CD13*/CD133*
cells. Mechanistically, IncBRM interacts with Brahma (BRM) to regulate the BRG1/BRM switch in
the BRG1-associated factor (BAF) complex and induces YAP1 signaling, subsequently promoting
sphere formation and self-renewal [69]. Yet another IncRNA, IncSox4, highly expressed in HCC tumors
and CD133* TICs, has been shown to promote self-renewal and tumor-initiating ability through
association with STAT3 and upregulation of Sox4 [70]. The IncRNA urothelial cancer associated
1 (UCA1) upregulated in HCC enhances proliferation and tumorigenesis of carcinoma cells [71].
Notably, UCAL is also upregulated in liver CSCs and plays a critical role in governing their growth
and differentiation through regulation of multiple pathways. For example, UCAL facilitates the
differentiation of human embryonic stem cells (ESC) into hepatocyte-like cells through modulation
of histone modification. Moreover, UCAL is reported to trigger hepatocyte-like cell transformation
through inducing promoter methylation of HULC and chromatin loop formation of the 3-catenin
promoter-enhancer [72]. Pu et al. [73] further demonstrated that UCA1 enhances c-Myc expression,
RB1 phosphorylation and activity of the retinoblastoma protein Su(var)3-9, Enhancer-of-zeste and
Trithorax (SET) domain-containing 1A (pRB1-SET1A) complex, in turn, inducing tri-methylation of
histone H3 (H3K4me3) involved in prolongation of telomere length. These findings highlight the
critical roles of multiple IncRNAs in modulating CSC maintenance and self-renewal.

3. Networks of IncRNAs and Non-Cellular Components of the Tumor Microenvironment in HCC

3.1. Association between IncRNAs and Hypoxia

Hypoxic conditions and high expression of the key regulator, hypoxia-inducible factor-1 (HIF-1),
are common features in advanced cancers [74,75]. Hypoxic conditions in surrounding cells represent
a critical step in the tumorigenic process. Indeed, hypoxia facilitates a number of events in the tumor
microenvironment that promote metastasis of heterogeneous tumor cells and is significantly positively
correlated with aggressive malignant phenotypes. HIF-1 is a heterodimeric complex composed of two
transcription factors, HIF-1oc and HIF-2e [76], which regulate genes with significant roles in oncogenic
pathways, including apoptosis, proliferation, angiogenesis, tumor metabolism and metastasis.
A previous study revealed that expression of the IncRNA TUGI is enhanced under hypoxia and
in human hepatoblastoma [56]. Zheng et al. [77] demonstrated high expression of nuclear paraspeckle
assembly transcript 1 (NEAT1) in HCC specimens, which promotes epithelial-mesenchymal transition
(EMT), migration and invasion capacities of tumor cells by stimulating HIF-2« activity. Luo and
co-workers showed a positive correlation between expression of MALAT1 expression and HIF-2c in
HCC tissues [78]. Moreover, arsenite promotes MALAT1 and HIF-2« expression in hepatoma cells.
MALATT1 is reported to enhance HIF-2« activity through inhibition of von Hippel-Lindau (VHL)
protein-mediated HIF-2c ubiquitination and degradation. Conversely, MALAT1 is regulated by
HIF-2« via a feedback loop, supporting the co-involvement of MALAT1 and HIF-2«c in HCC. Wang
and colleagues identified a novel tumor suppressor IncRNA, CPS1 intronic transcript 1 (CPS1-IT1),
with low expression in HCC [79,80]. Overexpression of CPS1-IT1 reduced HIF-1o activity and
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consequently suppressed EMT progression and HCC metastasis, both in vitro and in vivo. Another
IncRNA, Low expression in Tumor (termed IncRNA-LET), is additionally downregulated in HCC [81].
IncRNA-LET is suppressed by hypoxia-induced histone deacetylase 3 through reducing histone
acetylation-mediated modulation of its promoter region. Knockdown of IncRNA-LET is a key step
in stabilization of nuclear factor 90 protein, which leads to hypoxia-induced cancer cell invasion.
HIF-1 and its downstream effectors have been identified as potential targets for cancer therapy.
However, owing to the complexity of the hypoxia signaling pathway, inhibition of HIF-1«x activity
presents a considerable challenge. Recent establishment of the involvement of IncRNAs in hypoxia
response in cancers provides further evidence of their potential utility as therapeutic targets.

3.2. Association between IncRNAs and Cytokines

Cytokines are major target molecules in a number of inflammatory conditions, with targeted
therapies for TNF-«, interferon (IFN), and IL-17 already in clinical use [82-84]. Accumulating
studies support the involvement of cytokines in hepatocarcinogenesis. A number of investigations
have focused on determining whether cytokine expression is correlated with disease progression
in tumor-adjacent normal tissues and HCC. Cytokines secreted by tumors or stromal cells in the
serum and plasma have been assessed for their predictive capacity in HCC [85,86]. The IncRNA,
PANDA, is reported to be downregulated in HCC specimens. Unexpectedly, however, overexpression
of PANDA appears to enhance HCC proliferation and tumor growth, both in vitro and in vivo.
Mechanistically, PANDA suppresses transcriptional activity of the senescence-associated inflammatory
factor, IL8, thereby inhibiting cellular senescence [87]. The IncRNA, PVT1, is induced by IFN-« in HCC
cells [88]. Depletion of PVT1 leads to enhanced apoptosis and suppression of growth in IFN-« treated
cells. Furthermore, PVT1 represses IFN-« induced phosphorylated signal transducer and activator
of transcription 1 (STAT1) and interferon-stimulated gene (ISG) transcription through interactions
with STAT1. Upregulation of another IncRNA, TP73-AS1, has been documented in HCC tissues and
cell lines [89] in association with poorer prognosis and survival. Knockdown of TP73-AS1 leads to
suppression of HMGB1, receptor for advanced glycation end products (RAGE) and NF-«kB expression
and consequent reduction of cell proliferation. miR-200a has been shown to directly bind TP73-AS1
and the 3'UTR of HMGBI in the 3'UTR luciferase reporter assay. Moreover, miR-200a knockdown
promotes HMGB1, RAGE, NF-«B as well as NF-«kB-regulated cytokine (TNF«, IL6 and IL-1f3) levels.
Expression of ubiquitin-conjugating enzyme E2C pseudogene 3 (UBE2CP3) is higher in HCC than
adjacent non-tumor tissues and in tissues with high endothelial vessel density [90]. In studies using
a co-culture system, UBE2CP3 promoted HUVEC tube formation, proliferation and migration through
the ERK/HIF-1/p70S6K/VEGFA cascade and enhanced VEGFA expression in HCC cell supernatant
fractions. Another novel IncRNA, tumor suppressor long noncoding RNA on chromosome 8p12
(termed TSLNCS8), is frequently deleted or downregulated in HCC tissues [91]. Overexpression
of TSLNCS is associated with significant suppression of growth and metastasis, both in vitro and
in vivo. TSLNCS8 has been shown to modulate STAT3 phosphorylation levels (Tyr705 and Ser727)
and transcriptional activity through competitive interactions with transketolase and STAT3, resulting
in inactivation of the IL-6/STAT3 signaling pathway in HCC cells. Modulatory roles of IncRNAs in
cytokine gene expression are well documented, generating significant research interest in the utility of
IncRNAs in therapeutic targeting.

TGEF-3 binds to type I and type Il receptors (TGF-3 RI and TGF-f3 RII) at the cell surface. Activated
TGF-f3 receptors induce phosphorylation of downstream signal transducer R-Smad (receptor-activated
Smad: Smad2 and Smad3). Phosphorylated R-Smads, in turn, associate with Smad4 (Co-Smad) to form
a trimeric Smad complex, which translocates into the nucleus and regulates target gene expression
(Figure 3A). TGF-$ plays a complex role in tumor progression, in particular, liver fibrogenesis
and hepatocarcinogenesis [92,93], and is upregulated in HCC tissues and peri-neoplastic stroma.
Interestingly, TGF-p1 is known to exert dual effects during HCC progression [94]. In the early
stages, the cytokine acts as a tumor suppressor with anti-proliferative effects and stimulation of
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apoptosis signals. Notably, blockage of cell proliferation is mediated by cyclin-dependent kinase
inhibitors and suppression of c-Myc-mediated functions. The tumor suppressor activity of TGEF-
is also exerted through suppression of tumor stroma mitogens and tumorigenic inflammation.
Conversely, TGF-3 plays an oncogenic role, promoting tumorigenicity via several mechanisms,
including stimulatory effects on cell migration, angiogenesis and metastasis. TGF-3 is proposed
to contribute to EMT through downregulation of E-cadherin (epithelial marker) and upregulation
of Snail (mesenchymal marker). Another previous report showed that TGF-f1 enhances miR-181b
expression, promoting growth, survival, migration and invasion of HCC cells [95]. Similarly, miR-23a,
miR-24 and miR-27a appear to enhance tumor cell survival in HCC [96]. A novel IncRNA, designated
TGF-B-induced long non-coding RNA (TLINC), was further identified as a target induced by TGF-f3
in both hepatic and non-hepatic cells (Figure 3B) [97]. Interestingly, expression of two TLINC isoforms
(long and short) was associated with the epithelial and mesenchymal phenotype, respectively.
The long isoform of TLINC was positively correlated with metastatic phenotype and increased
levels of proinflammatory cytokines (IL-8). TLINC was additionally detected in both epithelial
and stromal cells and identified as a tumor marker. Another IncRNA (IncRNA-ATB) is reported
to be induced by TGF-f31 [98]. Clinically, IncRNA-ATB was overexpressed in HCC specimens and
enhanced EMT and metastasis through modulation of the ZEB1/ZEB2/miR-200 cascade. In addition,
IncRNA-ATB increased colonization of migrating cells by triggering the IL-11/STAT3 signaling
pathway. Mechanistically, IL-11 mRNA stability was enhanced via IncRNA-ATB interactions, which,
in turn, facilitated IL-11 secretion, suggesting a role in phosphorylation of STAT3 (Figure 3B).
This autocrine regulatory mechanism promotes cell survival and colonization to distant organ sites.
The collective findings indicate that several IncRNAs are regulated by TGF-3 and play important roles
in TGF-3-mediated effects on EMT, migration and invasion.
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Figure 3. Schematic depiction of the TGF- signaling pathway. (A) TGF-f3 binds to Type I (TGF-3
RI) and Type II receptor (TGF-p RII), whereby TGF-f3 RII phosphorylates and activates TGF-3
RI. Transcriptional factors Smad2 and 3 (Smad2/3) are phosphorylated by TGF-f3 receptors and
associated with Smad4. Activated Smad complexes translocate into the nucleus and regulate target
gene transcription. (B) IncRNA-ATB and TINC are induced by TGF-f3. The downstream molecules
regulated by these IncRNAs are depicted. P: phosphorylation.
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3.3. Regulation of the Tumor Microenvironment by IncRNAs in Exosomes

Exosomes have recently been identified as critical mediators of cell-to-cell communication
in cancer progression through transfer of RNA and proteins to neighboring or distant cells [99].
The compositions of exosomes differ depending on cell type, physiological and pathological conditions.
Previous studies have reported that exosomes are 40-150 nm in diameter and exist in both normal
and tumor cells. Exosomes play an important role in crosstalk between tumor and stromal cells and
deliver specific molecules to target cells through endocytosis and phagocytosis [100,101]. Moreover,
exosomes fuse with membranes of target cells to deliver components into cells. According to their
origin in the tumor microenvironment, exosomes can be classified as tumor cell or stromal cell
secretions. Signal transduction between these cells in the tumor microenvironment is significantly
involved in regulation of cell invasion, metastasis, drug resistance and cancer. The exoRBase
database (http:/ /www.exoRBase.org) contains information on circular RNAs (circRNA), IncRNAs
and mRNAs derived from RNA-seq data analyses of human blood exosomes [102]. To date,
few IncRNAs, such as lincRNA-VLDLR, ROR, and TUC339, have been detected in circulating HCC
extracellular vesicles [103-105]. Takahashi et al. [88] demonstrated that anticancer drugs induce
linc-VLDLR expression in cells as well as extracellular vesicles (EV) released from these cells. Notably,
chemotherapy-induced HCC cell death was repressed upon incubation with EV. These effects were
reduced upon knockdown of linc-VLDLR cell lines. Another IncRNA involved in HCC resistance
against microenvironmental conditions is IncRNA-ROR, which promotes EMT, cancer stem cell
maintenance and tumorigenesis. While overexpression of IncRNA-ROR has been established in normal
hepatocytes, its selective enrichment within extracellular vesicles is correlated with TGF-3-dependent
HCC cell chemoresistance and knockdown shown to increase chemosensitivity. The IncRNA TUC339
is significantly expressed in extracellular vesicles derived from HCC cells and implicated in tumor
growth, cell adhesion and cell cycle progression. Recently, Sun and co-workers reported the presence
of higher levels of LINC00161 in serum exosome and urine samples from HCC patients, compared
to controls [106]. Another group demonstrated increased IncRNA-HEIH expression in serum and
exosomes of HCV-related HCC [107]. Clearly, IncRNAs are involved in exosome-mediated functions
and may, therefore, serve as potential targets for therapeutic interventions.

3.4. Extracellular Matrix (ECM) and Matrix Metalloproteinases within the Microenvironment

Extracellular matrix (ECM) is produced by stromal cells in the microenvironment.
The components of ECM, including laminin, collagens, fibronectin and proteoglycans, are associated
with altering the phenotype and function of HCC cells. ECM production and reorganization can
promote tumor cell proliferation and invasion and alter gene expression in different stromal cell
and cancer cell types, leading to tumor progression [108]. Accumulating evidence supports the
view that extracellular proteinases, such as matrix metalloproteinases (MMP), mediate many of
the changes in the microenvironment during tumor progression. The complexity of the tumor
microenvironment triggers regulatory cascades that determine the functions of the diverse MMPs
expressed. Proteolytic cleavage of MMPs is regulated at different levels, including gene expression,
conversion from the pro- to active form and specific inhibitors. Conversion of the pro-form (pro-MMP)
into its active form is regulated by proteinases, such as furin and plasminogen, a critical step for MMP
activity [109,110]. MMP activity is additionally modulated by IncRNAs. For example, functional
knockdown of small nucleolar RNA host gene 5 (SNHG5) highly expressed in HCC is reported
to induce apoptosis and suppress cell cycle progression, growth and metastasis in hepatoma cell
lines whereas its overexpression has the opposite effects. Importantly, SNHG5 knockdown led
to inhibition of MMP-2 and MMP-9 that are closely related to metastasis [111]. Zhang et al. [96]
demonstrated upregulation of the IncRNA DLX6-AS1 in HCC samples, which was correlated with
poor prognosis of HCC patients. Knockdown of DLX6-AS1 suppressed cell growth, migration
and invasion, both in vitro and in vivo. MiR-203 targeting the 3'UTR region of DLX6-AS1 was
negatively correlated with DLX6-AS1 expression. Data from the 3'UTR luciferase reporter assay
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further revealed that miR-203a targets MMP-2 mRNA. These collective findings support an oncogenic
role of DLX6-AS1 in clinical specimens and cellular experiments, indicative of the involvement of
a potential DLX6-AS1/miR-203a/MMP-2 pathway in tumorigenesis [112]. IncRNA ZFAS1 gene
amplification observed in HCC is positively correlated with hepatic invasion and metastasis through
modulation of the miR-150/ZEB1/MMP14/MMP16 cascade [113]. These lines of evidence clearly
support regulation of MMPs by IncRNAs. Direct inhibitors of MMP have been developed in previous
studies. Another strategy to effectively achieve MMP inhibition is targeting specific IncRNAs to reduce
MMP activity.

3.5. Metabolites and the Tumor Microenvironment

Interestingly, secreted metabolites function in decisions on the phenotypic diversity of cells in the
tumor microenvironment. Accumulating evidence supports the theory that secreted metabolites
act as tumor morphogens that shape unique tumor heterogeneity. CAFs residing in the tumor
microenvironment promote cancer cell growth by producing metabolites, such as lactate, fatty acid
and amino acids [114]. Earlier, liver-specific miR-122 expression was shown to be reduced in HCC.
Moreover, overexpression of miR-122 led to inhibition of HCC formation in an animal model.
Mechanistically, miR-122 reduces lactate production and promotes oxygen consumption through
inhibition of pyruvate kinase M2 (PKM2) expression [115]. Consistent with this finding, another study
demonstrated that miR-122 mediates inhibition of PKM2 protein expression by directly targeting its
3'UTR region in HCC [116]. Current knowledge, along with data obtained from high-throughput tools,
such as RNA-seq and metabolomic analyses, indicate that interplay between metabolites and ncRNAs
plays a crucial regulatory role in cancer progression.

4. IncRNAs as Novel Targets for HCC Therapy

Traditional cancer treatment is dependent on average patient response. However, treatments that
can be successfully applied for some patients may not be effective for others. An emerging approach
for disease treatment and prevention, known as precision medicine, has gained significant attention
as a means to improve treatment outcomes. Precision medicine is based on knowledge of individual
variabilities in the genes, epigenetic profiles and environments for each patient [117]. This theory
assumes that a disease is caused by specific genes or molecular pathways. Individual diseases or
cancers are therefore tightly associated with variations in genes and downstream signaling pathways.
Identification of effective drug-specific targets for tumor cells that do not adversely affect normal cells
is a considerable challenge in therapy. Therefore, effective treatments need to target specific molecules
that act as drivers in development of cancer. Previously, miRNAs have been identified in biological
fluids of patients, such as urine and blood [118], which act as potential biomarkers in diagnosis and
prognosis of cancers. More recently, IncRNAs have been highlighted as potential candidates for
biomarkers and precision medicine targets in cancer due to their specific expression patterns in tumor
cells [119,120]. In addition, IncRNAs are detectable in biological fluids of patients and may, therefore,
be applied as noninvasive markers for clinical analysis.

DNA methyltransferase (DNMT) and histone deacetylase (HDAC) inhibitor drugs [121] are
commonly used to treat various cancer types. However, these agents that act via epigenetic regulation
are nonspecific and should be delivered via venous injection. Notably, IncRNAs regulate similar genes
or functions through epigenetic mechanisms and are considered drug targets with a lower incidence of
side-effects and improved specificity. Drug resistance is an important issue that limits effective cancer
treatment. IncRNAs involved in drug resistance through modulation of drug transporter expression,
oncogenic survival signaling pathways, cell cycle, and apoptosis have been identified. As mentioned
above, TGF-f3-dependent chemoresistance is regulated by lincRNA-ROR in HCC [105]. Another
study by Li and co-workers demonstrated that IncRNA Activated in RCC with Sunitinib Resistance
(IncARSR) is involved in doxorubicin resistance through regulation of the PTEN/PI3K/ Akt pathway
in HCC [122].
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IncRNA-specific therapeutic approaches target IncRNA-mediated functions and pathways
through gene silencing and structure disruption mechanisms. In fact, a single IncRNA can regulate
several protein coding genes and pathways. In such situations, manipulating individual IncRNAs
can modulate multiple genes and their functions. The currently available strategies are outlined
below. For instance, expression of IncRNA could be suppressed with short interfering RNAs (siRNA),
short hairpin RNAs (shRNA), antisense oligonucleotides (ASO), locked nucleic acid (LNA) gapmeRs
and clustered regularly interspaced short palindromic repeat-associated nuclease 9 (CRISPR/Cas9)
systems. However, the knockdown efficiency of these genes is dependent on their localization.
Knockdown of nuclear IncRNAs is successfully achieved through ASOs whereas siRNAs work most
effectively in the cytoplasm. Modulation of IncRNA expression with CRISPR interference through
guide RNAs (gRNA) reduces the possibility of off-target effects and allows suppression independent
of the subcellular location of the target. Although several lines of evidence provide convincing results
regarding IncRNA-mediated functions and their utility as therapeutic targets, their use in vivo is
extremely challenging owing to poor conservation of IncRNAs across species. The mechanisms
of action of IncRNAs, such as recruiting/binding partners, in animal models, differ from in vitro
experimental findings. Notably, IncRNAs differ from protein-coding genes in several ways that require
consideration in analyzing their effects or therapeutic potential. The complex structures formed by
IncRNA-IncRNA, IncRNA-protein and IncRNA-DNA molecules may provide new strategies to disrupt
these interactions. Moreover, expression of IncRNAs is tissue- or cell-type specific. Finally, current
knowledge of non-coding gene functions highlights the combinatorial nature of their actions, which
involve complex interactions incorporating multiple associated effectors. Recently, Amodio et al. [123]
demonstrated that inhibition of MALAT1 by LNA gapmeR ASO suppresses multiple myeloma cell
growth and induces apoptosis in vitro and in vivo. In addition, a peptide nucleic acid (PNA)-targeting
approach for IncRNA was established. This strategy was successful in blocking interactions of
HOTAIR with EZH?2, leading to suppression of HOTAIR-EZH2 activity and increased chemotherapy
sensitivity [124]. Notably, the phenotypes of target IncRNAs could differ depending on the “tissue
context”, which should be analyzed to achieve optimal therapeutic responses.

5. Conclusions

In the current article, IncRNAs in the tumor microenvironment involved in the regulation of
tumor growth, angiogenesis and metastasis are comprehensively listed in Table 1. While several
genetic, epigenetic, transcriptional and translational dysregulation processes collectively contribute
to HCC, existing knowledge regarding the signaling pathways that influence HCC is incomplete.
Recent extensive characterization of IncRNAs as initiators or diagnostic markers of HCC has
highlighted their utility as important regulators in HCC progression. Due to their functional roles
as either tumor suppressors or oncogenes involved in diverse cellular networks, IncRNAs may be
developed as a molecular tool suitable for application in therapeutic and clinical strategies for HCC.
The collective results support multiple interactions between the tumor microenvironment and IncRNA
networks that drive cancer cell survival, resistance to therapy and metastasis. Increasing evidence
of dysregulated IncRNAs in various malignant tumors that may serve as potential biomarkers has
been documented. Liver cancer presents a complex model to investigate the relationship between the
microenvironment and tumor development. Improved knowledge of these interactions is therefore
essential to identify potential prognostic/predictive biomarkers and successfully develop novel
targeted therapies.
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Table 1. Tumor microenvironment-related IncRNAs and their potential mechanisms in hepatocellular carcinoma (HCC).

Molecules and Signaling

Expression

Prognostic

.. . . : s d
Gene Name Principal Functions Pathways Involved 2 in HCC MARKERS in HCC b Cellular/Non: Cellular Regulation Mechanism Reference
Component
Tumorigenesis . . -
TUuG1 Angiogenesis MiR-34a-5p, VEGFA Up v Both Hypoxia [56]
Angiogenesis .
MiR-107, E2F1, SPK1, ESM-1 -
HULC Cell grqwth PI3k/Akt/mTOR pathway Up v Cellular - [57]
Invasion
Tumor growth
MVIH Metastasis PGK1 Up - Cellular - [58]
Angiogenesis
HOTAIR Cell growth P300, CREB, RNA pol II Up v Cellular - [64]
Tumorigenicity . .
IncTCF7 Self-renewal Wt signaling, SWI/SNF Up - Cellular - [65]
complex, TCF7
EMT
Proliferation
IncCAMTA1 CSC-like properties CAMTA1 Up v Cellular - [66]
H19 Angiogenesis Angiogenin, FGF18 Up v Cellular - [68]
Sphere formation BRG1/BRM switch,
IncBRM Tumor formation YAP1 signaling Up v Cellular ) [69]
Self-renewal
IncSox4 Tumor-initiating ability STAT3, Sox4 Up v Cellular - [70]
UCAT Prohfgratlog M13-216‘F), FGFR1/ERK Up ) Cellular ) (71]
Tumorigenesis signaling pathway
EMT
NEAT1 Migration HIF-2« pathway Up v Non-cellular HIF-2x [77]
Invasion
MALAT1 Transformation VHL, HIF-2x Up v Non-cellular MALATI/HIF-2 [78]
feedback loop
EMT ..
CPS1-IT1 . HIF-1«x activity Down v Non-cellular - [79,80]
Metastasis
IncRNA-LET Invasion NF90, HIF-1«, CDC42 Down - Non-cellular HDAC3 [81]
Proliferation
PANDA Tumor growth 1L8 Down v Non-cellular - [87]

Cellular senescence

13 of 21
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Table 1. Cont.

Molecules and Signaling

Expression Prognostic

.. . . : s d
Gene Name Principal Functions Pathways Involved 2 in HCC MARKERS in HCC b Cellular/Non: Cellular Regulation Mechanism Reference
Component
Proliferation
Apoptosis
PVT1 Cell proliferation STAT1/1SG pathway, NOP2 Up v Both IFN-o [67,88]
Stem cell-like phenotype
. . HMGBI, RAGE,
TP73-AS1 Proliferation NF-«B, MiR-200a Up - Non-cellular - [89]
Proliferation
UBE2CP3 Migration ERK/HIF-1et/ p70S6K/VEGFA Up v Non-cellular - [90]
Tube formation
Cell growth IL-6/STATS3 signaling
TSLNCS Metastasis pathway, Transketolase Down v Non-cellular ) 1l
TLINC EMT 1L8 Up - Non-cellular TGF-B [97]
Migration .
IncRNA-ATB Invasion Mfﬁg?ﬂf“:ﬁfﬁ“ Up v Non-cellular TGF-g1 (98]
Metastasis & &P y
linc-VLDLR Chemotherapy Exosome Up - Non-cellular - [104]
EMT
lincRNA-ROR CSC maintenance TGF- B-dePendent Up v Non-cellular - [105]
- . chemoresistance
Tumorigenesis
Tumor growth
IncRNA-TUC339 Cell Adhesion Exosome Up v Non-cellular - [103]
Cell cycle
LINC00161 Migration Serum exosome Up v Non-cellular - [106]
Invasion Urine sample
HEIH Cell cycle progression EZH2 Up v Non-cellular - [107]
Apoptosis MMP2, MMP9, miR-26a-5p,
SNHG5 Cell cycle Wnt/ B-catenin/GSK3f Up v Non-cellular - [111]
Metastasis signal pathway
Cell growth
DLX6-AS1 Migration MiR-203a/MMP2 pathway Up v Non-cellular - [112]
Invasion
ZFAS1 Metastasis MiR-150, ZEBI, Up v Non-cellular [113]

MMP14, MMP16

a: Downstream molecules and signaling pathways involved in IncRNA-mediated functions; b: v': IncRNAs acting as prognostic markers in HCC. -: Information is unavailable’ c: IncRNAs
related to the cellular or non-cellular component of the tumor microenvironment (Cellular: cellular component, Non-cellular: non-cellular; component, Both: cellular and non-cellular
component); d: IncRNAs regulated by upstream transcriptional factor or cytokines, as indicated. -: Information is unavailable.
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Abstract Most bio-industrial mammalian cells are
cultured in serum-free media to achieve advantages,
such as batch consistency, suspended growth, and
simplified purification. The successful development of
a serum-free medium could contribute to a reduction
in the experimental variation, enhance cell productiv-
ity, and facilitate biopharmaceuticals production using
the cell culture process. Commercial serum-free media
are also becoming more and more popular. However,
the cell line secrets its own recombinant product and
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has special nutritional requirements. How can the
composition of the proprietary medium be adjusted to
support the specific cell’s metabolism and recombi-
nant protein? This article uses statistical strategies to
modify the commercial medium. A design of exper-
iments is adopted to optimize the medium composition
for the hybridoma cell in a serum-free condition. The
supplements of peptone, ferric citrate, and trace
elements were chosen to study their impact on
hybridoma growth and antibody production using the
response surface methodology. The stimulatory effect
of the developed formulation on hybridoma growth
was confirmed by the steepest ascent path. The
optimal medium stimulated the hybridoma growth
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and antibody production in three diverse systems: a
static plate, an agitated spinner flask, and a hollow
fiber reactor. The cells in the developed serum-free
medium had a better antibody production as compared
to that in the commercial medium in the hollow fiber
reactor. Our results demonstrated that the facile
optimization for medium and antibody production
was successfully accomplished in the hybridoma cells.

Keywords Antibody - Hybridoma - Medium
optimization

Introduction

Scientists have gradually shifted from serum-contain-
ing media to serum-free media because serum ingre-
dients have disadvantages, such as batch-to-batch
variation, virus risk, and purification interference
(Price 2017). Most of the mammalian cells used for
the FDA-approved production of biopharmaceuticals
are cultured in serum-free media since the presence of
serum is a major obstacle for purification and product
validation (McGillicuddy et al. 2018). However,
serum-containing media are still in general use in the
biological field of basic research. In addition, the
question of how to develop the serum-free passage for
attached cells and the weaning procedure shall be
solved for the further application of serum-free media.
Antibody production cells include Chinese hamster
ovary cells, murine lymphoid NSO and hybridoma cell
lines, and human PER.C6. Hybridoma belongs to the
hematopoietic cells, which are anchorage-independent
and immortalized by the fusion of mortal splenocytes
and immortal myelomas (Shukla and Thommes 2010).
Their secreted antibodies are important in the initial
screening of protein drugs, future epitope determina-
tion, biomarker detection, and disease diagnosis
(Corréa et al. 2016). Concerns for animal welfare
and quality assurance of the antibody drug hasten the
development of serum-free media. Several commer-
cially media are available for culturing hybridoma
cells under a serum-free culture (Manna et al. 2015).
One of the drawbacks of these commercial media is
that their cost is several times higher than that of the
basic medium. In addition, new cell lines have unique
nutrient requirements for their culture environment.
Specific ingredients shall be identified to optimize the
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proliferation and antibody production of cells (Tan
et al. 2015).

A culture medium is a complex mixture of nutrients,
buffers, and trace elements that maintain the physical
environment for cell growth. The early basal media like
minimum essential medium (MEM) had limited amino
acids and glucose. Dulbecco’s modification of Eagle’s
MEM (DMEM) is fortified to have fourfold the concen-
trations of amino acids and vitamins present in Eagle’s
MEM. This medium also supplies the non-essential
amino acids, glycine and serine, iron, and pyruvate (Price
2017). Blended media including DMEM/F-12 developed
by Barnes and Sato and RPMI1640/DMEM/F-12 (RDF,
mixing ratio 2:1:1) by Murakami have been applied to the
serum-free culture of different mammalian cells (Yao and
Asayama 2017). The reason for mixing two kinds of
media can expand the number of nutritional constituents
and the trace minerals. The modification of the medium
composition is usually the first step of the cell culture
process to increase antibody productivity. Finding a
medium composition with the best cell growth is the main
purpose of medium development. Optimization studies
for medium can be carried out using multivariate
methods, such as response surface methodology and the
statistical design of experiments (DoEs) (Xing etal. 2011;
Liu and Chang 2006). These methodologies organize
statistical and mathematical tools established on the fit of
a polynomial model to the data that can describe the
experimental system and make statistical predictions
(Yolmeh and Jafari 2017). These strategies can under-
stand possible interactions of multiple medium compo-
sitions on the cell growth and antibody production that are
not observed when changing one factor at a time
(Knospel et al. 2010). The sparsity-of-effects principle
states that the effects of individual- and two-factor
interactions significantly influence the experimental
outcome when analyzing the results from the factorial
experiments. Therefore, the statistical DoEs has been
chosen by many researchers such as Dhanasekaran et al.
(2013), Dong et al. (2008), and Sen and Roychoudhury
(2013) to optimize the culture medium or procedure.
These multivariate regression analyses significantly
reduce the labor of parameter screening and process
optimization.

Conventionally, the parental cells in a serum-
contained medium are pre-weaned by using a com-
mercial proprietary medium to facilitate the sequential
adaption to the serum-free condition (van der Valk
et al. 2010). However, these cells will be bound to this
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commercial medium for further production. Modifi-
cation of the proprietary medium will be beneficial for
the development and reduces the uncertainty of
biopharmaceuticals production. The purpose of this
study is to develop a serum-free medium modified
from the commercial serum-free medium for a
hybridoma cell line. First, several mixing-ratio media
were assayed to cultivate hybridoma cells. Second,
five ingredients suggested by the papers were screened
to choose the most important three supplements for
optimization. Third, a DoE was applied to optimize the
serum-free medium for antibody production using the
hybridoma cells. Accordingly, the optimal concentra-
tions for three supplements were added to the blended
media. Finally, the effects of the optimal medium on
the cell growth, antibody production, and scalability
were evaluated in static plate, agitation, and perfusion
systems.

Materials and methods
Materials

Ferric citrate, glutathione, glutamine, ascorbic acid
were purchased from Sigma (St. Louis, MO, USA).
SFM4MAB medium and DMEM were from Hyclone
(Chicago, IL, USA). Meat peptone was from Conda
(Torrejon de Ardoz, Madrid, Spain) and trace element
solution (A, B) was from Corning (Tewksbury, MA,
USA). Spinner flasks were from Bellco Glass (Vine-
land, NJ, USA) and the hollow fiber reactor was from
Fibercell System (C5011, MWCO: 20kd, fiber surface
area: 2100 cmz, Frederick, MD, USA). Chemically
defined supplement for high cell-density hybridoma
culture (CDM-HD) was also purchased from Fibercell
System. DMEM supplemented with 10% CDM-HD,
termed CDMHD medium, was used to compare with
the optimal medium in the hollow fiber reactor using
three medium circulation rates.

Cell line and cell culture

The hybridoma cell line (CRL-1754) used in this
study was established by Reimer et al. (1984) and
was obtained from American Type Culture Collec-
tion (Manassas, VA, USA). This cell line produces
monoclonal antibody against human IgG (Fc). The
cell line was weaned in the SFM4Mab medium

(GE HealthCare, Logan, UT, USA) according to the
company’s protocol. The cell line was maintained in
T-25-flasks using a serum-free CD Hybridoma
medium supplemented with 8 mM L-glutamine
(Sigma) at 37 °C under a humidified atmosphere
of 5% CO, and 95% air. The mixture of SFM4Mab
with DMEM (Sigma) at 1:1, 1:2, and 1:3 ratios was
compared for their influence on cell proliferation
and antibody production. The SFM4Mab/DMEM
medium (SDM 1:2) was used for medium
optimization.

Cell concentration and viability

The number of cells was determined using the Coulter
Multisizer 3 (Beckman, Brea, CA, USA). For the
analysis of viable cells, 1 mL of cells was harvested
from the T-25-flasks (Nunc, Rochester, NY, USA) or
100 mL spinner flasks (Bellco). After mixing with
Trypan blue (Sigma) for 5 min the cell viability was
then determined using a hemocytometer. For DoE
experiments, 2 x 10’ cells in 1 mL test medium were
seeded in a 48-well plate. Antibody production and
cell concentration were determined after 96 h of
growth. Experiments were performed in triplicate in
48-well tissue culture plates.

Experimental design and statistical analysis

Fractional factorial design and central composite
design data were regressed and analyzed by running
the GLM and RSREG procedures in SAS 9.4 software
(Cary, NC, USA). The three-dimensional response
surfaces were generated by Sigmaplot (Systat, San
Jose, CA, USA) based on the second-order equation.
For the factorial design, 0.5 mg/mL of ferric citrate, a
trace element solution containing copper sulfate, zinc
sulfate, manganese sulfate, and sodium orthosilicate,
5 mg/mL of ascorbic acid, 0.5 g/mL of peptone, and
5 mg/mL of glutathione were used as the serum
supplements. According to the DoE (Table S1), the
concentrated supplement (10 pL) and SDM medium
was added into each well to reach a final volume of
1000 pL. (“+4 17 presents the 10 pL addition, while
“— 17 presents no addition.). After 96 h of culture,
the influence of the ingredient was estimated utilizing
glm regression analysis. The linear-regression coeffi-
cients of the fractional factorial design can be applied
in the selection of important medium components. A
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greater positive coefficient value indicates that the
ingredient has a more stimulatory effect on cells, while
a negative coefficient shows that the ingredient has an
inhibitory effect on cells. Among the five ingredients,
three important factors such as ferric citrate, peptone,
and trace elements were chosen for further optimiza-
tion based on the coefficients of the first-order linear
equation. A Box—Behnken design for three levels
(— 1,0, 1) is arotatable second-order response surface
model that has been adopted for medium optimization
(Souza et al. 2005; Ferreira et al. 2004). It consists of a
central point and the middle points of the edges. A
total of 15 experimental trials (Table S2) are needed
for the three-level three-factor Box—Behnken experi-
mental design.

Quantification of antibody using an enzyme-linked
immunosorbent assay (ELISA)

The antibody secreted by hybridoma was measured
using an ELISA assay. Ninety-six-well microplates
coated with affinity purified antibody specific to
mouse immunoglobulin G (IgG, KPL, Gaithersburg,
MD, USA) and blocked with the blocking buffer (3 g
of skim milk powder and 5 g of sucrose in 100 mL
PBS) were used for the analysis of hybridoma
antibody production. The conditioned medium after
the appropriate dilution was added to each well, and
the microplate was incubated for 2 h at room temper-
ature. After washing step, 100 pL of detecting
antibody-HRP conjugate (KPL) was added to each
well, and then the plates were incubated for 2 h at
room temperature. After the plate was washed 3 times,
100 pL of tetramethylbenzidine hydrogen peroxide
solution was added to each well and was allowed to
react for 20 min in the dark. The reaction was stopped
by adding 2 N sulfuric acid (50 pL/well), and the
absorbance was measured at 450 nm with an ELISA
reader (Molecular Device, Sunnyvale, CA, USA). A
serially diluted mouse IgG (SCBT, Santa Cruz, CA,
USA) was prepared for the standard curve. All
experiments were performed in triplicate.

Cell culture in a spinner flask and hollow fiber
reactor

The cells at a final concentration of 2 x 10%mL were

seeded into 50 mL of the optimal SDM medium and
cultured in a 100 mL spinner flask at a 60-rpm rate.

@ Springer

The operation of the hollow fiber reactor is based on
the instruction in the Fibercell Manual. Prior to cell
inoculation, the bioreactor was aseptically circulated
with the phosphate-buffered saline (PBS) and DMEM.
A total of 10® cells were seeded into the extra-capillary
space to establish a hybridoma culture. The serum-free
medium was circulated at a 50 mL/min rate between
the intra-capillary space and the reservoir bottle. The
cells and their antibody solution were sampled every
day for analysis.

Statistical analysis

Data were reported as means + standard deviations.
Two-tailed T test in MS Excel was used for evaluating
the differences between the test group and the control
group. The p-value less than 0.05 was considered
statistically significant: *(p < 0.05), **(p < 0.01),
and ***(p < 0.001).

Results and discussion
Basal medium screening

The model cell line was firstly weaned to the
commercial serum-free medium. To reduce the com-
position complexity and develop the production
medium, we tested the mixing ratios of SFM4AMAB
and DMEM on cell growth and antibody production.
Figure 1 shows the growth of hybridoma enhanced
when the proportion of SFM4MAB medium
increased. The viable cell concentrations were similar
in the media of the 1:1 and 1:2 mixing ratios of
SFM4MAB and DMEM. The cells in the 1:3 mixed
medium only reached 70% of cells in the 1:2 mixed
medium. The viability of cells in the 1:1 and 1:2 mixed
media were maintained above 80% during the 96-h
culture. The DMEM could only support 50% of
hybridoma growth compared to the cells in the 1:2
mixture of SFM4MAB and DMEM. Previously, RDF
medium composed by RPMI:DMEM:F12 (2:1:1) has
been applied as the basal media for hybridoma to
reduce the manufacturing cost of antibody (Lee et al.
2009). The cost of antibody production using RDF can
be reduced 17-50% compared with other serum-
containing media (Chua et al. 1994). After considering
the subsequent optimization and medium cost, the
mixed SFM4MAB and DMEM in 1:2 (referred to as
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Fig. 1 Effects of mixing ratio of medium on cell growth (a) and viability (b). The seeding concentration was 2 x 10° cells/mL (N=3)

SDM) was used as our basal medium for the following
experiments.

Screening of medium supplements

We used the SDM medium as the basal medium for the
evaluation of the five supplements using the two-level
fractional factor experiments. The results of the cell
concentration and antibody production after the 72-h
culture are shown in Table S1. These data were used to
fit two linear polynomials for cell growth and antibody
production (Table 1). The magnitude and sign of the
regression constants can be used to identify the
significance of the ingredients on the key outcomes
of hybridoma growth. When the coefficient is rela-
tively large, it has more significant effects on the
response than a small coefficient. Furthermore, a
variable with a positive fitted coefficient increases the
response, and one with a negative coefficient has an
inhibitory effect on the response. The stimulatory and

inhibitory ingredients can be identified using the
regression equations. For example, some supplements,
such as ferric citrate, and trace elements, improve the
cell growth at the 10% significant level (Table 1).
Ferric citrate, peptone, and glutathione could enhance
the antibody production significantly (p < 0.05). Our
results related to the promotion of ferric citrate on
mammalian cell growth are similar to the study of
Coombs et al. (2015). The trace elements have been
reported to enhance cell growth (Liu et al. 1986).
Peptone can improve hybridoma growth and enhance
the production of antibodies (Zhang et al. 1994).
Protein hydrolysates (peptone) can provide small
peptides that have beneficial effects on animal cell
proliferation and antibody production (van der Valk
et al. 2010). The low-molecular peptides, derived from
peptone, in the protein-free media allow an increase of
the maximal cell density (Chabanon et al. 2008). The
trace elements studied herein contain CuSQy, ZnSOy,,
selenite, MnSO,, Na,SiO3, molybdic acid, NH4VOs;,

Table 1 Regression coefficients of a fractional factorial design for cell growth and IgG production in SDM medium

Cell concentration (10° cells/mL)

Antibody production (pg/mL)

Coefficient Standard error t-value p-value Coefficient Standard error t-value p-value
Constant 7.154 0.049 146.102  0.000 2.680 0.011 236.765 0.000
Ferric citrate 0.258 0.049 5.278 0.034* 0.238 0.011 20.982  0.002*
Trace elements  0.161 0.049 3284  0.082* 0.010 0.011 0.883 0.470
Ascorbic acid 0.131 0.049 2.686  0.115 0.045 0.011 3976  0.058*
Peptone 0.074 0.049 1.510  0.270 0.268 0.011 23.632  0.002*
Glutathione 0.147 0.049 3.003 0.095 0.088 0.011 7.730  0.016*
*p < 0.10
@ Springer
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NiSO,, and SnCl,. Selenium aids in the detoxification
of free radicals as a cofactor for GSH synthetase, while
iron, copper, and zinc may be bound by serum protein.
The stimulatory effects of trace elements like selenium
and manganese on hybridoma growth in a serum-free
condition have been studied (Kovar 1988). The
supplement of ferric citrate can improve the growth
of NSO cells, which constitutively produce a human
IgG1 antibody (Spens and Héggstrom 2005). Nagira
et al. (1995) evaluated various iron salts and chelating
agents replacing transferrin to develop a protein-free
medium for a human—human hybridoma and found
that ferric citrate was favorable for the production of
monoclonal antibodies. The iron may be important to
the control of transmembrane electron transport and
intracellular DNA synthesis in in vitro culture. Alcain
et al. have reported that addition of the impermeable
iron chelator bathophenanthroline disulfonate (BPS)
to cultured Chinese hamster lung fibroblast (CCL 39
cells) inhibits DNA synthesis in the in vitro culture. In
contrast, BPS does not inhibit cell growth stimulated
by fetal calf serum. BPS treatment also inhibits
transplasma membrane electron which is restored by
incubation of cells with 10 uM ferric ammonium
citrate (Alcain et al. 1995). The impacts of peptone
supplementation for the mammalian cell culture are
summarized as follows. The specific amino acid
profile of peptone can enhance the glucose utilization
and reduce lactate and ammonia production (Davami
et al. 2015). Therefore, ferric citrate, trace elements,
and peptone are chosen for the further optimization in
the basal SDM medium in the next section.

Optimization of the supplements’ concentrations
for hybridoma cell growth

The effects of peptone, ferric citrate, and trace
elements on cell growth and antibody production
are shown in Supplementary Figs. S1-S3. Ferric
citrate had a stimulatory effect on cell growth and
antibody production around 3—-6 pg/mL. This ferric
salt would inhibit cell growth at the concentration of
12 pg/mL. The amount of antibody secreted by
hybridoma is associated with its cell concentration.
The effects of peptone and trace elements on
hybridoma growth and antibody production were
saturated at high concentrations (Figs. S1-S3). Pep-
tone has been reported to enhance the antibody
production in hybridoma cultures (Zhang et al. 1994).
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This one-factor-at-a-time investigation can provide
important information for cell growth under a sim-
plified medium. However, the DoE has been adapted
here to optimize the multiple ingredients in the
medium simultaneously and understand the interac-
tion between two supplements in an SDM medium.
The rules and design for factorial experiments and
response surface methodology have been recently
reviewed (Yolmeh and Jafari 2017) and applied in
this study. Fractional and full factorial design data
were regressed by SAS 9.4 software to obtain the
first-order and second-order polynomials. The
regression models can be applied in screening of
the important components in the medium and the
construction of the steepest ascent path. In the
screening tests, the magnitude and sign of the
regression constants can be used to identify the
significance of the components on responses such as
cell growth and antibody production. When the
coefficient is relatively large, it has more significant
effects on the response than a small coefficient.
Furthermore, a variable with a positive fitted constant
increases the response and one with a negative
coefficient has inhibitory effects on the response. We
can identify the stimulatory and inhibitory ingredi-
ents by the regression models. The coefficients of
model can be used to construct the steepest ascent
path for cell growth. The direction of the maximal
increase in cell concentration is generated by the
gradient of the regressed polynomial. The first-order
polynomial models for hybridoma growth obtained
by the glm procedure of SAS software are shown in
the following equation:

Cell concentration (x 10°cells/mL) 7.154 + 0.258
x ferric citrate + 0.161 X trace elements
+ 0.131 x ascorbic acid + 0.074
x peptone + 0.147 x glutathione 1> = 0.966
Antibody production (pg/mL) =2.680 + 0.238
x ferric citrate + 0.010 x trace elements
+ 0.045 x ascorbic acid 4+ 0.268 x peptone
+ 0.088 x glutathione 1> = 0.999

The matrix of the Box-Behnken design and the
comparison of data and predictions are shown in the
Table S2. SAS software is applied to fit the growth
data using the second-order response surface. The
prediction error of the second-order polynomial
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was < 3%, as indicated in Table S2. The coefficients
of the second-order polynomial, the p-values, and the
optimal concentrations are shown in Table 2. The
response surface predicted that the addition of 7.7 pg/
mL of ferric citrate, 0.625 mg/mL of peptone, and
0.125% of trace elements could support maximal
growth. The impacts of ferric citrate, peptone, and
trace elements on cell growth are visualized in Fig. 2a,
b by using the second-order polynomial. The full
second-order polynomial model for hybridoma growth
obtained by the rsreg procedure of SAS software is
shown in the following equation:

Cell concentration (/mL) = 784,164
+ 20,147 x ferric citrate — 121,539 x peptone
+ 3360.92 x trace elements — 17,302
x ferric citrate®> + 1418.33 x ferric citrate
x peptone — 82,153 x peptone’ — 2042.17
x ferric citrate X trace elements
— 8881 x peptone x trace elements

— 18,126 x trace elements>.

The F-value and its probability for the full quadratic
equation for cell growth was 50.32 and 0.001,
respectively. The determination coefficient (R2) indi-
cated that the second-order response surface could

explain 98.9% of the variability. Additionally, the
optimal supplements for cell growth including 7.7 ng/
mL of ferric citrate, 0.625 mg/mL of peptone, and
0.125% (v/v) of trace elements were obtained by
canonical analysis in SAS software. The maximal
peak of cell growth could be identified in the three-
dimensional response surface plot. The steepest ascent
path is used to validate the cell growth prediction in
the SDM medium by the second-order polynomial.
The medium composition along the ascent path and
the cell growth are shown in Table S3 and Fig. 3,
respectively. The maximal peak of cell growth
(8.75 x 105/mL) could be observed at the fifth step,
which was slightly higher than the model prediction
(8.35 x 10°/mL). Good agreement was shown to exist
between the experimental points and the values
predicted by the response model. The composition of
the fifth step medium (the optimal SDM) was the same
medium forecasted by the second-order polynomial,
which had the maximal growth and antibody produc-
tion (Figs. 3, 4).

We studied the growth kinetics of the hybridoma
using a spinner flask and evaluated the impact of the
developed medium on mechanically agitated cells.
The optimal SDM medium containing three supple-
ments could support cell proliferation in the agitation
system, as shown in Fig. 5. The antibody yields of

Table 2 Regression coefficient of the cell growth and the formulation of the optimal SDM medium predicted by DoEs

Coefficient (cell/mL) Standard error (cell/mL) t-value p-value
Constant 784,164 6885.41 113.89 < .0001
Ferric citrate 20,147 5443.39 3.7 0.0076
Peptone — 121,539 5443.39 — 2233 < .0001
Trace elements 3360.92 5443.39 0.62 0.5565
Ferric citrate? — 17,302 7503.2 — 2.31 0.0545
Ferric citrate x Peptone 1418.33 7698.12 0.18 0.859
Peptone? — 82,153 7503.2 —10.95 < .0001
Ferric citrate x Trace elements — 2042.17 7698.12 —0.27 0.7984
Peptone x Trace elements — 8881 7698.12 — 1.15 0.2865
Trace elements? — 18,126 7503.2 — 242 0.0464
Factor Code Real concentration
Ferric citrate 0.54 7.7 pg/mL
Peptone —0.75 0.625 mg/mL
Trace elements 0.25 0.125
Maximal point prediction: 8.35 x 10°/mL
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cells in the static and agitation systems were similar
when the optimal SDM medium was used (Fig. 6).
However, the antibody production in the SDM
medium only reached approximately 60% of that in
the optimal SDM medium. This evidence suggested
that the optimal SDM medium stimulated hybridoma
growth and antibody production in static and agitation
systems.

Additionally, the hollow fiber reactor can mimic a
tissue-like condition with a high cell density of around

@ Springer

Step

10’-10%mL. The antibody production in a high-
density bioreactor can maintain cell stability, enhance
volumetric productivity, and reduce the production
cost. However, the cell metabolic status and the
medium are two critical factors for the successful
development of the semi-continuous process. The
optimal SDM medium was used to culture hybridoma
in the hollow fiber reactor for semi-continuous IgG
production. The antibody production in the high cell
density culture device was similar at three culture
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temperatures (35, 36, and 37 °C). Cell productivity in
recombinant protein can be increased by cell cycle
arrest through mild hypothermia (Garcia Miinzer et al.
2015). Hypothermia can simultaneously reduce cell
growth, which is regulated by the cell cycle (Coronel
et al. 2016). Herein the temperature shift did not
enhance the antibody production of hybridoma in the
hollow fiber reactor. The optimal SDM medium could
support the antibody production using the high cell-
density device at a temperature of 36 £ 1 °C. These
results suggested that the optimal SDM medium
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Fig. 6 Comparison of antibody production in static and
suspended systems (Seeding cells density was 2 x 10° cells/
mL, 72-h culture, spinner flask 100 mL; ***: p < 0.001)

stimulated hybridoma growth and antibody production
in the static and hollow fiber systems as indicated in
Fig. 7.

In order to prove the usefulness of our developed
medium, a commercial serum-free medium, CDMHD,
was used to compare with the optimal medium using
three circulation rates at the temperature of 37 °C.
CDM-HD is designed specifically for the culture of
cells at high density by Fibercell Inc. The hybridoma
cells cultivated in the optimal SDM had a 1.8-fold IgG
production compared to that in the CDMHD medium
at the rate of 182.5 mL/min (Fig. 8). In fact, the
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Fig. 7 Effects of the 38
optimal SDM medium on
semi-continuous IgG 60 -
production (solid line) using
the hollow fiber reactor at - 37
35,36, and 37 °C (dash line)
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% The statistical development of serum-free media and
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Fig. 8 Comparison of IgG production by the hybridoma cell
line (CRL-1754) in the optimal SDM medium with the
commercial CDMHD medium in a hollow fiber reactor at
37 °C using three medium circulation rates

hybridoma cell line (CRL-1754) in the optimal SDM
medium had better antibody production than those in
CDMHD at all circulation rates. The medium compo-
sition dramatically affected the physiology, metabo-
lism, growth and antibody production of the
hybridoma cells. The proprietary composition of
CDMHD makes it difficult to evaluate each ingredi-
ent’s impact. The hybridoma cell line (CRL-1754) in
this study is a type cell line from ATCC for the
academical study, which has a low IgG titer. Our data

@ Springer

DMEM on cell growth and antibody production were
investigated to reduce the medium cost. To fortify the
ingredients and optimize the new formulation, five
supplements were evaluated to study their influences
on cell growth in the SDM medium. Sequentially, the
composition of three supplements (peptone, ferric
citrate, and trace elements) was optimized using the
response surface methodology. Taken together, the
optimal SDM medium stimulated hybridoma growth
and antibody production in the static culture, the
agitated spinner flask, and the hollow fiber reactor.
The facile medium optimization process was success-
fully accomplished for the model cell line. This
platform has the potential to be a starting point for
process improvements in animal cell cultures.

538



Cytotechnology

Acknowledgements We express gratitude to Ministry of
Science and Technology (MOST 106-2221-E-182-050),
Chang Gung University (BMRP 758) and Chang Gung
Memorial Hospital (CMRPD2G0282, 2H0071) for funding
and supporting this research. We would also like to thank the
valuable suggestion of bioreactor operation from Frank R.
H. Wang, United BioPharma Inc., Hsinchu, Taiwan.

Compliance with ethical standards

Conflicts of interest The authors would like to declare that no
conflicting financial interests exist.

References

Alcain FJ, Low H, Crane FL (1995) Iron at the cell surface
controls both DNA synthesis and plasma membrane redox
system. Protoplasma 184:233-237

Chabanon G, Alves da Costa L, Farges B, Harscoat C, Chenu S,
Goergen JL, Marc A, Marc I, Chevalot I (2008) Influence
of the rapeseed protein hydrolysis process on CHO cell
growth. Biores Technol 99:7143-7151

Chua F, Oh SKW, Yap M, Teo WK (1994) Enhanced IgG
production in eRDF media with and without serum, A
comparative study. J Immunol Methods 167:109-119

Coombs MRP, Grant T, Greenshields AL, Arsenault DJ, Hol-
bein BE, Hoskin DW (2015) Inhibitory effect of iron
withdrawal by chelation on the growth of human and
murine mammary carcinoma and fibrosarcoma cells. Exp
Mol Pathol 99:262-270

Coronel J, Klausing S, Heinrich C, Noll T, Figueredo-Cardero
A, Castilho LR (2016) Valeric acid supplementation
combined to mild hypothermia increases productivity in
CHO cell cultivations. Biochem Eng J 114:101-109

Corréa AL, Senna JPM, de Sousa APB (2016) Effects of passage
number on growth and productivity of hybridoma secreting
MRSA anti-PBP2a monoclonal antibodies. Cytotechnol-
ogy 68:419-427

Davami F, Eghbalpour F, Nematollahi L, Barkhordari F, Mah-
boudi F (2015) Effects of peptone supplementation in
different culture media on growth, metabolic pathway and
productivity of CHO DG44 Cells; a new insight into amino
acid profiles. Iran Biomed J 19:194-205

Dhanasekaran M, Indumathi S, Lissa RP, Harikrishnan R,
Rajkumar JS, Sudarsanam D (2013) A comprehensive
study on optimization of proliferation and differentiation
potency of bone marrow derived mesenchymal stem cells
under prolonged culture condition. Cytotechnology
65:187-197

Dong J, Mandenius CF, Liibberstedt M, Urbaniak T, Niissler
AKN, Knobeloch D, Gerlach JC, Zeilinger K (2008)
Evaluation and optimization of hepatocyte culture media
factors by design of experiments (DoE) methodology.
Cytotechnology 57:251-261

Ferreira SL, Santos WND, Quintella CM, Neto BB, Bosque-
Sendra JM (2004) Doehlert matrix: a chemometric tool for
analytical chemistry—review. Talanta 63:1061-1067

Garcia Miinzer DG, Ivarsson M, Usaku C, Habicher T, Soos M,
Morbidelli M, Pistikopoulos EN, Mantalaris A (2015) An
unstructured model of metabolic and temperature depen-
dent cell cycle arrest in hybridoma batch and fed-batch
cultures. Biochem Eng J 93:260-273

Knospel F, Schindler RK, Liibberstedt M, Petzolt S, Gerlach JC,
Zeilinger K (2010) Optimization of a serum-free culture
medium for mouse embryonic stem cells using design of
experiments (DoE) methodology. Cytotechnology
62:557-571

Kovar J (1988) Hybridoma cultivation in defined serum-free
media: growth-supporting substances. V. Trace elements.
Folia Biol 34:35-41

Lee J, Tscheliessnig A, Chen A, Lee YY, Adduci G, Choo A,
Jungbauer A (2009) Adaptation of hybridomas to protein-
free media results in a simplified two-step immunoglobulin
M purification process. J Chromatogr A 1216:2683-2688

Liu CH, Chang TY (2006) Rational development of serum-free
medium for Chinese hamster ovary cells. Process Biochem
41:2314-2319

Liu YF, Tang RH, Zhang QX, Shi JY, Li XM, Liu ZQ, Zhao W
(1986) Stimulation of cell growth of Tetrahymena pyri-
formis and Chlamydomonas reinhardtii by trace elements.
Biol Trace Elem Res 9:89-99

Manna L, Febo TD, Armillotta G, Luciani M, Ciarelli A, Salini
R, Ventura MD (2015) Production of monoclonal anti-
bodies in serum-free media. Monoclon Antib Immunodi-
agn Immunother 34:278-288

McGillicuddy N, Floris P, Albrecht S, Bones J (2018) Exam-
ining the sources of variability in cell culture media used
for biopharmaceutical production. Biotechnol Lett 40:5-21

Nagira K, Hara T, Hayashida M, Osada K, Shiga M, Sasamoto
K, Kina K, Murakami H (1995) Development of a protein-
free medium with iron salts replacing transferrin for a
human-human hybridoma. Biosci Biotechnol Biochem
59:743-745

Price PJ (2017) Best practices for media selection for mam-
malian cells. Vitro Cell Dev Biol Anim 53:673-681

Reimer CB, Phillips DJ, Aloisio CH, Moore DD, Galland GG,
Wells TW, Black CM, McDougal JS (1984) Evaluation of
thirty-one mouse monoclonal antibodies to human IgG
epitopes. Hybridoma 3:263-275

Sen S, Roychoudhury PK (2013) Development of optimal
medium for production of commercially important mono-
clonal antibody 520C9 by hybridoma cell. Cytotechnology
65:233-252

Shukla AA, Thommes J (2010) Recent advances in large-scale
production of monoclonal antibodies and related proteins.
Trends Biotechnol 28:253-261

Souza AS, Santos WNLD, Ferreira SLC (2005) Application of
Box—Behnken design in the optimisation of an on-line pre-
concentration system using knotted reactor for cadmium
determination by flame atomic absorption spectrometry.
Spectrochim Acta Part B 60:737-742

Spens E, Hiaggstrom L (2005) Defined protein-free NSO mye-
loma cell cultures: stimulation of proliferation by condi-
tioned medium factors. Biotechnol Prog 21:87-95

Tan KY, Teo KL, Lim JFY, Chen AKL, Reuveny S, Oh SKW
(2015) Serum-free media formulations are cell line-speci-
fic and require optimization for microcarrier culture.
Cytotherapy 17:1152-1165

@ Springer
539



Cytotechnology

van der Valk J, Brunner D, De Smet K, Fex Svenningsen 10\,
Honegger P, Knudsen LE, Lindl T, Noraberg J, Price A,
Scarino ML, Gstraunthaler G (2010) Optimization of
chemically defined cell culture media—replacing fetal
bovine serum in mammalian in vitro methods. Toxicol
In Vitro 24:1053-1063

Xing Z, Kenty B, Koyrakh I, Borys M, Pan SH, Li ZJ (2011)
Optimizing amino acid composition of CHO cell culture
media for a fusion protein production. Process Biochem
46:1423-1429

@ Springer

Yao T, Asayama Y (2017) Animal-cell culture media: history,
characteristics, and current issues. Reprod Med Biol
16:99-117

Yolmeh M, Jafari SM (2017) Applications of response surface
methodology in the food industry processes. Food Bio-
process Technol 10:413-433

Zhang Y, Zhou Y, Yu J (1994) Effects of peptone on hybridoma
growth and monoclonal antibody formation. Cytotechnol-
ogy 16:147-150

540



Saudi Pharmaceutical Journal xxx (2018) XXX—XXX

agesudloldl
King Saud University

Contents lists available at ScienceDirect

Saudi Pharmaceutical Journal

journal homepage: www.sciencedirect.com

Original article

Ginkgolide C reduced oleic acid-induced lipid accumulation in HepG2

cells

Wen-Chung Huang !, Ya-Ling Chen “!, Hui-Chia Liu ¢, Shu-Ju Wu “®*, Chian-Jiun Liou >¢**

2 Graduate Institute of Health Industry Technology, Research Center for Food and Cosmetic Safety, Research Center for Chinese Herbal Medicine, College of Human Ecology,
Chang Gung University of Science and Technology, No. 261, Wenhua 1st Rd., Guishan Dist., Taoyuan City 33303, Taiwan

b Division of Allergy, Asthma, and Rheumatology, Department of Pediatrics, Chang Gung Memorial Hospital, Linkou, Guishan Dist., Taoyuan City 33303, Taiwan

€ Department of Nutrition and Health Sciences, Chang Gung University of Science and Technology, No. 261, Wenhua 1st Rd., Guishan Dist., Taoyuan City 33303, Taiwan

d Aesthetic Medical Center, Department of Dermatology, Chang Gung Memorial Hospital, Linkou, Guishan Dist., Taoyuan 33303, Taiwan

€ Department of Nursing, Research Center for Chinese Herbal Medicine, Chang Gung University of Science and Technology, No. 261, Wenhua 1st Rd., Guishan Dist.,

Taoyuan City 33303, Taiwan

ARTICLE INFO

ABSTRACT

Article history:

Received 15 February 2018
Accepted 19 July 2018
Available online xxxx

Keywords:
AMPK
Anti-obesity
Ginkgolide C
Lipogenesis
Lipolysis

Ginkgolide C, isolated from Ginkgo biloba, is a diterpene lactone that has multiple biological functions and
can improve Alzheimer disease and platelet aggregation. Ginkgolide C also inhibits adipogenesis in 3T3-
L1 adipocytes. The present study evaluated whether ginkgolide C reduced lipid accumulation and regu-
lated the molecular mechanism of lipogenesis in oleic acid-induced HepG2 hepatocytes. HepG2 cells
were treated with 0.5 mM oleic acid for 48 h to induce a fatty liver cell model. Then, the cells were
exposed to various concentrations of ginkgolide C for 24 h. Staining with Oil Red O and the fluorescent
dye BODIPY 493/503 revealed that ginkgolide C significantly reduced excessive lipid accumulation in
HepG2 cells. Ginkgolide C decreased peroxisome proliferator-activated receptor y and sterol regulatory
element-binding protein 1c to block the expression of fatty acid synthase. Ginkgolide C treatment also
promoted the expression of adipose triglyceride lipase and the phosphorylation level of hormone-
sensitive lipase to enhance the decomposition of triglycerides. In addition, ginkgolide C stimulated
CPT-1 to activate fatty acid B-oxidation, significantly increased sirtl1 and phosphorylation of AMP-
activated protein kinase (AMPK), and decreased expression of acetyl-CoA carboxylase for suppressed
fatty acid synthesis in hepatocytes. Taken together, our results suggest that ginkgolide C reduced lipid
accumulation and increased lipolysis through the sirt1/AMPK pathway in oleic acid-induced fatty liver
cells.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Obesity causes many chronic diseases, including diabetes melli-
tus, hyperlipidemia, and cancer (Forte et al., 2012). Many studies
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have also shown that excessive lipid accumulation in the liver of
obese subjects induces nonalcoholic fatty liver disease (NAFLD)
(Neuschwander-Tetri, 2017; Patil and Sood, 2017). NAFLD is
defined as abnormal lipid accumulation in hepatocytes, and this
interferes with the normal metabolism of carbohydrates and lipids
for reduced glycogen synthesis and increased lipid synthesis, lead-
ing to lipid accumulation in the liver (Reccia et al., 2017). NAFLD
can be divided into simple fat accumulation (hepatic steatosis)
and deteriorated steatohepatitis. When the affected hepatocytes
are not repaired, sustained inflammatory and oxidative damage
occurs and nonalcoholic steatohepatitis (NAHS) develops
(Benedict and Zhang, 2017). If NASH patients do not maintain a
healthy lifestyle with moderate rest and regular exercise,

1319-0164/© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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irreversible liver fibrosis, cirrhosis, and even liver failure and liver
cancer may develop (Reccia et al.,, 2017). The development of
NAFLD is closely associated with obesity and diabetes. Therefore,
improving obesity and reducing liver lipid accumulation may
attenuate its development.

The most promising treatments for NAFLD are regulated diet,
moderate exercise, weight loss, and possibly bariatric surgery
(Brouwers et al., 2016). Regulating food intake with excess triglyc-
erides is especially important since free fatty acids in the digestive
tract can be transported through the blood to the liver for
metabolism and be converted to simple lipids or cholesterol
(Romero-Gomez et al., 2017). Transcription factors regulating
hepatic lipogenesis are important for liver lipid synthesis, and
can activate fatty acid chain synthesis, causing excessive triglyc-
eride synthesis and lipid accumulation in the liver (Guo et al,,
2015). Thus, blocking the expression of lipogenesis transcription
factors will attenuate the synthesis of triglycerides in the liver.

AMP-activated protein kinase (AMPK) is a source of energy, and
some studies have found that AMPK activity can regulate lipogen-
esis transcription factors in hepatic steatosis (Smith et al., 2016).
The excessive storage of energy in cells leads to AMPK phosphory-
lation, followed by phosphorylation of its substrate acetyl-CoA
carboxylase (ACC) (Lim et al., 2010), which plays an essential role
in regulating fatty acid synthesis (Smith et al., 2016). Interestingly,
ACC phosphorylation reduces the synthesis of malonyl-CoA and
the extension and synthesis of the fatty acid chain (Hou et al,,
2008).

Recent studies have found that many plant extracts and flavo-
noids can improve liver steatosis and NAFLD (Feng et al., 2017;
Tian et al., 2016). Ginkgo biloba is a herbal medicine that has long
been used in Eastern and Western medicine to improve cardiovas-
cular disease (Yin et al., 2014). Western medicine has used the
G. biloba extract EGB-761 to treat cardiovascular disease and
dementia, and the ginkgo fruit is used in Chinese medicine to
improve asthma (Babayigit et al., 2009; Stein et al., 2015). In recent
years, several diterpene lactones and flavonoids were isolated from
G. biloba (Zeng et al., 2013). Ginkgolide A, B, and C are diterpene
lactones that can improve atherosclerosis and attenuate platelet
activating factor (Huang et al., 2014; Zeng et al., 2013). A previous
study found that ginkgolide A can improve NAFLD in high fat diet-
induced obese mice (Jeong et al., 2017). Another study found that
ginkgolide C could reduce transcription factors of adipogenesis
and increase lipolysis by enhancing Sirt1/AMPK activity in 3T3-
L1 differentiated adipocytes (Liou et al., 2015). In this study, we
investigated whether ginkgolide C reduced lipid accumulation
and regulated the molecular mechanism of lipogenesis in oleic
acid-induced HepG2 hepatocytes.

2. Materials and methods
2.1. Chemical reagent

Ginkgolide C (purity > 96% by HPLC) was purchased from Sigma
(St. Louis, MO, USA) and was dissolved in DMSO (<0.1% in all cell
experiments).

2.2. Cell culture and induced fatty liver cells

The HepG2 cell line was obtained from the Bioresource Collec-
tion and Research Center (BCRC, Taiwan). HepG2 cells were grown
in a humidified atmosphere of 5% CO, at 37 °C in DMEM medium
containing 10% fetal bovine serum (FBS) and 100 mg/L penicillin
and streptomycin. Hepatocytes were treated with 0.5 mM oleic

acid for 48 h and then 3-100 uM ginkgolide C and were incubated
in cell culture plates for 24 h.

2.3. Cell viability assay

HepG2 cells were seeded on culture plates and incubated with
various concentrations of ginkgolide C for 24 h. The culture plates
were treated with 5 mg/ml MTT solution (Sigma) as previously
described (Huang et al., 2017), and purple formazan crystals were
dissolved in isopropanol. Cell viability was determined via the
absorbance at 570 nm using a spectrophotometer (Multiskan FC,
Thermo, Waltham, MA, USA).

2.4. Oil Red O staining

HepG2 cells were seeded on culture plates and incubated with
0.5 mM oleic acid for 48 h. Then, cells were treated with ginkgolide
C for 24 h. Next, cells were fixed with formalin, and Oil Red O stain-
ing was performed (Liou et al., 2015). Oil droplets were observed
using microscopy (Olympus). Next, cells were treated with iso-
propanol and lipid accumulation was measured using a microplate
reader (Multiskan FC, Thermo Fisher Scientific) and recording the
absorbance at 490 nm.

2.5. Hepatic lipid accumulation

HepG2 cells were seeded on culture plates and incubated with
oleic acid (0.5 mM) for 48 h. Then, cells were treated with ginkgo-
lide C for 24 h. Cells were fixed with 10% formalin, and lipid accu-
mulation was evaluated using BODIPY 493/503 (Invitrogen,
Carlsbad, CA, USA) as previously described (Chang et al., 2018).
Lipid accumulation was observed using fluorescence microscopy
(Olympus, Tokyo, Japan) in cells with DAPI stained nuclei.

2.6. Western blot analysis

Equal amounts of protein were separated on 8-10% SDS-poly-
acrylamide gels, and transferred onto polyvinylidene fluoride
(PVFD) membranes (Millipore, Billerica, MA, USA) using a previ-
ously described method (Liou and Huang, 2017) The PVDF mem-
branes were blocked with TBST buffer (150 mM NaCl, 10 mM
Tris-HCI pH 8.0, 0.1% Tween 20) containing 5% FBS for 1 h. Then,
the membranes were incubated overnight at 4 °C with primary
antibodies, including SREBP-1c, carnitine palmitoyltransferase 1
(CPT-1) and 2 (CPT-2) (Cell Signaling Technology, MA, USA);
phosphorylated-AMPKo. (pAMPKa), AMPKa, fatty acid synthase
(FAS) (Santa Cruz, CA, USA); sirtuin 1 (Sirtl) (Millipore);
hormone-sensitive lipase (HSL), phosphorylated HSL (pHSL),
adipose triglyceride lipase (ATGL), phosphorylated-acetyl CoA
carboxylase-1 (pACC-1), ACC-1, peroxisome proliferator-activated
receptor o (PPAR-o) and y (PPAR-vy) (Epitomics, Burlingame, CA,
USA), and B-actin (Sigma). The membranes were washed with TBST
and incubated at room temperature with secondary antibodies for
1 h. All specific proteins were detected with an enhanced chemilu-
minescence reagent (Millipore), and protein signals were detected
and quantified using the BioSpectrum 600 system (UVP, Upland,
CA, USA).

2.7. Statistical analysis

Statistical analyses were performed using one-way ANOVA and
Dunnett’s post-hoc test. The results were expressed as the mean *
standard deviation, and p<0.05 was considered statistically
significant.
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3. Results
3.1. Cell viability of HepG2 cells treated with ginkgolide C

Cell viability was evaluated using the MTT method, and oleic
acid did not have a significant effect on cell viability at
concentrations < 0.5 mM in HepG2 cells (Fig. 1A). Therefore,
0.5 mM oleic acid was used in all experiments. Moreover, ginkgo-
lide C did not have a significant effect on cell viability at
concentrations < 100 uM (Fig. 1B) in HepG2 cells. Therefore,
3-100 uM ginkgolide C was used in all experiments.

3.2. Effect of ginkgolide C on lipid accumulation in oleic acid-induced
hepatic steatosis

Oleic acid was used to induce hepatic steatosis and cells were
then treated with ginkgolide C for 24 h to evaluate lipid accumula-
tion by Oil Red O staining. Oleic acid was able to induce lipid accu-
mulation, which could be reduced by ginkgolide C (Fig. 1C).
Hepatocytes were treated with isopropanol to release oil droplets,
and we found that cells treated with ginkgolide C had significantly
decreased lipid accumulation compared with cells treated only
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with oleic acid (Fig. 1D). The fluorescent dye BODIPY 493/503
was also used to detect lipid accumulation, and fluorescence
images demonstrated that ginkgolide C markedly attenuated lipid
accumulation compared with the oleic acid-induced hepatic
steatosis cells (Fig. 1E and F).

3.3. The effect of ginkgolide C on transcription factors of lipogenesis

Ginkgolide C significantly suppressed transcription factors of
lipogenesis, such as PPAR-y and SREBP-1c expression, compared
with oleic acid-induced HepG2 cells. Ginkgolide C also reduced
FAS expression for lipogenesis in fatty liver cells (Fig. 2).

3.4. The effect of ginkgolide C on lipolysis in hepatocytes

Ginkgolide C significantly increased ATGL and pHSL expression
in HepG2 cells compared with cells treated with only oleic acid
(Fig. 3). Ginkgolide C also significantly promoted CPT-1, CD36,
and PPAR-o expression for fatty acid p-oxidation, but CPT-2 was
not increased compared with the oleic acid-induced HepG2 cells
(Fig. 4).
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Fig. 1. Ginkgolide C reduced lipid accumulation in HepG2 cells. (A) Cell viability of oleic acid (OA) in HepG2 cells. (B) Cell viability of ginkgolide C (GC) in HepG2 cells. Data
represent the mean + SD; **P < 0.01 compared with HepG2 cells not treated with OA or GC. Next, HepG2 cells were treated with 0.5 mM oleic acid (OA) at 37 °C for 48 h to
induce lipid accumulation in hepatocytes, followed by ginkgolide C (3-100 uM) for 24 h. (C) Oil Red O staining showed lipid accumulation that was observed with a
microscope. (D) HepG2 cells were treated with isopropanol and lipid accumulation was measured using the absorbance at OD 490 nm. (E) Staining with the fluorescent dye
BODIPY 493/503 (green) to detect hepatic lipid droplets. Nuclei were stained with DAPI (blue). (F) Fluorescent images were quantified, data represent the mean * SD;
*P < 0.05, **P<0.01 compared with OA group. Three independent experiments were analyzed.
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ginkgolide C (3-100 uM) for 24 h. (A) Transcription factors associated with lipogenesis and FAS were detected by Western blot. (B) Three independent experiments were
analyzed, and the fold expression levels were measured relative to the expression of p-actin (internal control).
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Fig. 3. Effects of ginkgolide C on lipid metabolism in HepG2 cells. HepG2 cells were treated with 0.5 mM oleic acid (OA) for 48 h to induce lipid accumulation in hepatocytes,
followed by ginkgolide C (3-100 pM) for 24 h. (A) Lipolysis proteins were detected by Western blot. (B) Three independent experiments were analyzed, and the fold
expression levels were measured relative to the expression of -actin (internal control).
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Fig. 4. Effects of ginkgolide C on B-oxidation in HepG2 cells. HepG2 cells were treated with 0.5 mM oleic acid (OA) for 48 h to induce lipid accumulation in hepatocytes,
followed by ginkgolide C (3-100 uM) for 24 h. (A) B-oxidation associated proteins were detected by Western blot. (B) Three independent experiments were analyzed, and the
fold expression levels were measured relative to the expression of p-actin (internal control).

3.5. Ginkgolide C activated sirt1/AMPK in HepG2 cells HepG2 cells. We found that ginkgolide C significantly pro-
moted the expression of sirtl and phosphorylation of
Western blotting was used to evaluate whether ginkgo- ACC-1 and AMPKo compared with oleic acid-induced hepa-

lide C regulated sirtl and AMPK in oleic acid-induced tocytes (Fig. 5).
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hepatocytes, followed by ginkgolide C (3-100 uM) for 24 h. (A) The AMPK/Sirt-1 pathway proteins were detected by Western blot. (B) Three independent experiments were
analyzed, and the fold expression levels were measured relative to the expression of B-actin (internal control).

4. Discussion

This study demonstrated that the diterpene lactone ginkgolide
C could stimulate AMPK, leading to suppressed ACC activity and
the reduction of fatty acid chains, and CPT-1 for enhanced fatty
acid B-oxidation. Ginkgolide C also decreased lipogenesis-related
transcription factors for down-regulated FAS expression, and pro-
moted expression of lipolysis-related enzymes to accelerate the
decomposition of triglycerides. Hence, ginkgolide C significantly
reduced lipid accumulation for improved hepatic steatosis in vitro.

Hepatocytes that take up excessive free fatty acids would acti-
vate enzymes associated with lipogenesis, leading to the synthesis
of triglycerides and more energy accumulation in the liver (Cao
et al., 2016). The expression of lipid synthesis enzymes requires
lipid transcription factors to bind to the promoter of the FAS and
switch on the lipid synthesis genes (Angeles and Hudkins, 2016).
PPAR is the main transcription factor for lipid synthesis (Liss and
Finck, 2017). Many studies confirmed that overexpression of
PPARy contributed to the differentiation of adipocytes and
increased lipid accumulation in adipocytes and hepatocytes
(Janani and Ranjitha Kumari, 2015). In the liver cells, oleic acid
could activate PPARy expression to accelerate lipid accumulation
and cause hepatic steatosis (Kang et al., 2015). Our experiments
showed that ginkgolide C had the ability to reduce PPARy produc-
tion and the accumulation of oil droplets; thus, it was confirmed
that ginkgolide C could reduce excessive lipid accumulation by
reducing PPARY in liver cells. In addition, Srebp-1c could also bind
to the promoter of FAS to switch on triglyceride synthesis (Wang
et al., 2015). We found that oleic acid stimulated Srebp-1c expres-
sion and enhanced downstream FAS expression to initiate fat syn-
thesis. Oil Red O and fluorescent staining demonstrated that oleic
acid-stimulated hepatocytes had significantly increased oil droplet
accumulation compared with normal hepatocytes. However, oleic
acid-induced liver cells treated with ginkgolide C had reduced
Spreb-1c expression, and ginkgolide C also significantly inhibited
FAS expression to block lipid accumulation in hepatocytes. Thus,
we believe that ginkgolide C can improve lipid accumulation in
fatty liver cells by modulating the transcription of lipid synthesis
and FAS.

Another strategy to improve the lipid accumulation in liver cells
is to accelerate the decomposition of triglycerides (Romero-Gomez
et al, 2017; Smith et al., 2016). The main enzymes that regulate
this are ATGL and HSL. ATGL can break down triglycerides to pro-
duce diacylglycerol and a molecule of free fatty acid, and the active

HSL can also break down diacylglycerol to produce monoacylglyc-
erol and a molecule of free fatty acid (Frithbeck et al., 2014). Many
studies found that some flavonoids could enhance lipolysis and
inhibit lipid accumulation in hepatocytes (Chang et al., 2013;
Lasa et al., 2012). Quercetin could reduce lipid accumulation by
enhancing ATGL expression in high glucose-induced fatty hepato-
cytes (Liu et al., 2015). Caffeic acid also promoted lipolysis via acti-
vated ATGL and HSL in oleic acid-induced hepatic steatosis (Liao
et al., 2014). Our results demonstrated that ginkgolide C could sig-
nificantly promote ATGL and phosphorylation of HSL for acceler-
ated decomposition of triglycerides to glycerol and free fatty
acids. Hence, ginkgolide C can accelerate lipolysis to improve lipid
accumulation in fatty liver cells.

The excessive triglycerides broken down by the liver would
release more free fatty acids to stimulate vascular epithelial cells
and macrophages leading to an inflammatory response
(Ducharme and Bickel, 2008; Young and Zechner, 2013). These
macrophages will release pre-inflammatory cytokines to induce
inflammation and interfere with the metabolism of carbohydrates
and lipids, leading to insulin resistance in liver cells or adipocytes
(Hazlehurst et al., 2016; Morrison and Kleemann, 2015). In recent
years, it was determined that excessive fatty acids could be broken
down by fatty acid B-oxidation to produce energy and reduce the
damage to cells (Nguyen et al., 2007; Smith and Minson, 2012).
Our findings suggest that ginkgolide C has the ability to enhance
B-oxidation-associated enzyme expression, including CPT-1,
CD36, and PPARa, while not significantly enhancing CPT-2 produc-
tion. CD36 is a fatty acid translocase that can transfer free fatty
acids or long chain fatty acids from the circulatory system into adi-
pocytes, muscle cells, and liver cells (Pardina et al., 2017; Xie et al.,
2017). Some studies showed that CD36 overexpression caused
excessive free fatty acid uptake and hepatic steatosis, but reduced
free fatty acid damage in hepatocytes, vascular epithelial cells, and
adipocytes (Choi et al., 2017). Interestingly, CD36 can activate the
B-oxidation break down of fatty acids in hepatocytes (Zingg et al.,
2017). Previous studies found that a CD36 gene deletion blocked
B-oxidation and increased lipid accumulation in hepatocytes; thus,
CD36 contributed to B-oxidation expression and the decomposi-
tion of free fatty acids (Xie et al., 2017). The CPT enzyme is the
most important for regulating B-oxidation, and can carry the free
fatty acids from the cytoplasm into mitochondria (Pucci et al.,
2016). CPT1 is located on the outer mitochondrial membrane and
can convert the long-chain acyl-CoA to acylcarnitine, and assist
carnitine translocase to carry acylcarnitine into the inner
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membrane (Vishwanath, 2016). The CPT2 enzyme is located on the
inner mitochondrial membrane and converts acylcarnitine to long-
chain acyl-CoA that enters the fatty acid B-oxidation pathway and
tricarboxylic acid cycle to produce ATP (Houten et al., 2016). Some
studies confirmed that PPARa was an important transcription fac-
tor to modulate mitochondrial fatty acid p-oxidation in liver tissue
(Felicidade et al., 2015; Kim et al., 2017). Previous studies con-
firmed that the gene variants of PPARa increased the development
of cardiovascular disease and dyslipidemia as well as the fasting
and postprandial blood sugar levels (Liss and Finck, 2017). There-
fore, ginkgolide C could increase fatty acid p-oxidation leading to
decreased free fatty acids, inflammation, and insulin resistance in
hepatocytes.

Recent studies found that sirt1/AMPK activation could regulate
the intracellular energy flow (Lim et al., 2010). When cells took up
more energy, they increased AMPK activity to reduce lipid synthe-
sis in liver cells or adipocytes (Forbes-Hernandez et al., 2017).
AMPK phosphorylation also induced phosphorylation of ACC lead-
ing to decreased synthesis of the fatty acid chain (Smith et al,
2016). Resveratrol is a sirt1 inducer, and some studies showed that
it could reduce lipid accumulation and improve NAFLD via the acti-
vated sirt1/AMPK pathway in HDF-induced obese mice (Elgebaly
et al., 2017; Lasa et al., 2012). In a diabetic mouse model, resvera-
trol also regulated the oral glucose tolerance test and improved
insulin resistance by promoting AMPK activity (Wu et al., 2016).
Our result demonstrated that ginkgolide C significantly increased
sirt1 expression and AMPK phosphorylation. Ginkgolide C also pro-
moted ACC phosphorylation to block the synthesis of the fatty acid
chain in oleic acid-induced hepatocytes.

In conclusion, ginkgolide C can inhibit hepatic accumulation by
blocking transcription factors regulating lipid synthesis and FAS for
lipogenesis. Ginkgolide C also promoted lipolysis and p-oxidation
in hepatocytes, and increased sirt1/AMPK activity to suppress syn-
thesis of the long fatty acid chain. Therefore, ginkgolide C has
potential for improving hepatic steatosis.
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ARTICLE INFO ABSTRACT

Keywords: Oligochitosan-modified proteins have gained attention as efficient non-viral vectors for gene delivery. However,
Oligochitosan-modified proteins little information exists if protein moieties can serve as an important role for internalization and endosome
Endocytosis escape ability of the genetic material. To explore this issue, we designed two cationic oligochitosan-modified
Internalization vectors that consist of different proteins, namely a hydrophobic plant protein (zein) and a hydrophilic animal
;r::;:ﬁs;n protein (ovalbumin (OVA)) to deliver pDNA to epithelial cell line CHO-K1 and HEK 293 T. These cationic vectors

were systematically characterized by molecular weight, infrared (IR) structural analysis, transmission electron
microscopy (TEM) morphology, and surface charge. A remarkable impact of protein moieties was observed on
physiochemical properties of the developed vectors. Oligochitosan-modified zein containing hydrophobic pro-
tein exhibited high buffering capacity and excellent DNA binding ability compared to the oligochitosan-modified
OVA. The data on transfection in the presence of endocytic inhibitors indicated that the caveolae-mediated
pathway (CvME) played a key role in the internalization of the zein-based polyplex. However, the OVA-based
polyplex was internalized in CHO-K1 cells via CvME and in HEK 293 T cells via the lipid-mediated pathway.
Moreover, oligochitosan-modified zein exhibited lower cytotoxicity, greater lysosomal escape ability, better
plasmid stability, and better transfection efficiency than the oligochitosan-modified OVA. This study offers a
facile procedure for the synthesis of cationic vectors and elucidates the relationship that exists between protein
moieties and transfection activity, thus providing an alternative, non-viral platform for the gene delivery.

1. Introduction to modify the chitin and its derivatives with proteins or other cationic

polymers such as polyethylenimine (PEI), dendrimers to increase

Chitin and its derivatives chitosan and oligochitosan (OC) are nat-
ural cationic polysaccharides that show excellent biological activity,
such as low cytotoxicity coupled with good biodegradability. Moreover,
positively charged OC can preferentially assist in electrostatic interac-
tion with negatively charged DNA. Therefore, it is considered to be a
good candidate for use in gene delivery systems (Shen et al., 2017).
However, its marginal transfection efficiency limits its use as a non-
viral system. This is because DNA binds tightly with OC, reducing the
ability of the DNA to release from the complex into the target site (Peng
et al., 2011). To address this limitation, several efforts have been made

transfection efficiency; however, little of this research has obtained
better transfection activity than OC alone (Ren et al., 2016). Syga et al.
revealed that the addition of albumin enhances the transfection effi-
ciency of the PEI -DNA complex. Thus, the presence of albumin in-
creasing the interaction of the polyplex with cells (Syga, Nicoli, Kohler,
& Shastri, 2016). Proteins such as bovine serum albumin (BSA) and
human serum albumin (HSA) are water-soluble and stable over a wide
pH range, from 4 to 9. Therefore, these proteins are used extensively for
gene delivery systems. Moreover, the protein moieties provide a high
number of reactive residues on their surface for the covalent attachment
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of other molecules. Ovalbumin (OVA) is also a hydrophilic protein, but
few reports have been published on the surface modification of OVA
through covalent cross-linking to enable its use as a gene delivery
vector. Another protein is zein, which is a plant protein that is water-
insoluble and hydrophobic in nature. It is isolated from the endosperm
of the corn kernel and possesses ideal properties that make it an ideal
candidate for use as a gene delivery vector, such as biocompatibility
and biodegradability (Lohcharoenkal, Wang, Chen, & Rojanasakul,
2014). Regier et al. have demonstrated that the zein nanospheres in-
teract with DNA and protect it from the endonuclease enzyme, which
improves cellular uptake and transfection efficiency (Regier, Taylor,
Borcyk, Yang, & Pannier, 2012). Hydrophilic animal proteins offer
several advantages as gene delivery vectors but typically suffer from
low stability because of their quick solubility. In addition, utilizing
hydrophobic plant proteins (e.g., zein) surmount the shortcomings of
hydrophilic animal proteins by providing advantages from their en-
zyme-degradable and pH-resistant properties. Zein has also been
proven as a safe carrier for the pharmaceutical industry due to its in-
solubility, which allows for drug delivery via an oral route (Lee, Kim, &
Park, 2016). A great deal of work has been undertaken with zein for
drug delivery, but there has been scant research focused upon the use of
zein as a gene delivery vector. Surveys of the literature have provided
compelling proof that the use of proteins such as albumin or zein in-
fluence transfection efficiency. But the lack of understanding about
internationalization mechanism encourages researchers to synthesize
new convincing polymers.

Currently, the molecular details behind the internalization and en-
dosome escape abilities of protein-cationic polymer hybrid polyplexes
are poorly understood. Hence, there is a crucial need for the study of
their internalization mechanisms to improve their therapeutic accept-
ability. Typically, the entry method of polyplexes into cells is divided
into two major groups: through an endocytic pathway (energy-depen-
dent) and through a non-endocytic pathway (energy-independent).
Some authors have suggested that most of the positively charged
polyplexes can enter cells through endocytic pathways. These pathways
are categorized into two different types: a clathrin-dependent pathway
(CDE) and a clathrin-independent pathway (CIE) (Shi et al., 2017).
Generally, the gene delivery pathway begins with the internalization of
a polyplex through an endocytosis process, which is followed by escape
from the endosomal-lysosomal compartment and then finally enter into
the nucleus for the gene expression (Dean, Strong, & Zimmer, 2005).
Some researchers have also demonstrated that the size of nanoparticles
affects the uptake mechanism and transfection efficiency. Rejman et al.
have proven that a particle of less than 200 nm is internalized via a
CME pathway, whereas a particle in the 200-500 nm size range is in-
ternalized via a CvME pathway (Joanna Rejman, Bragonzi, & Conese,
2005). Keeping this in mind, we designed our DNA polyplexes with a
size distribution around the range of 150 to 250 nm.

The cellular uptake mechanisms define the endosomal fates of
particular gene carriers (Vercauteren et al., 2010). Therefore, we con-
sidered the possibility that the covalent conjugation of OC with two
different proteins, hydrophilic animal protein (OVA) and hydrophobic
plant protein (zein), might impact the delivery of DNA via different
endocytic pathways and sequentially affect gene expression. To prove
this hypothesis, we designed two cationic vectors: one consisting of a
hydrophilic protein with OC (OVA-OC) and the other consisting of a
hydrophobic protein with OC (zein-OC) to study their internalization
mechanism and subsequent gene expressions. Our aim was to in-
vestigate intracellular trafficking mechanisms and their relationship to
two different vectors in distinct mammalian cell lines. To do this, we
chose two different cell lines: CHO-K1 (derived from Chinese hamster’s
ovary) and HEK 293 T (derived from human embryonic kidney), be-
cause these cells are often used to evaluate transfection efficiency as
well as the production of recombinant protein. To understand the in-
ternalization mechanisms, we treated cells with different endocytic
inhibitors specific for particular pathways in the presence of a polyplex
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and determined transfection efficiency with IN Cell Investigator soft-
ware. The cells were treated with fluorescein isothiocyanate (FITC)-
labeled polyplexes and LysoTracker and imaged using confocal micro-
scopy to determine whether the internalization mechanisms were re-
lated to the protein moiety in the synthesized vector.

2. Experimental section
2.1. Materials

The oligochitosan (MW = 662, degree of deacetylation > 90%) was
obtained from Yaizu Suisan Kagaku Industry. Zein, OVA, Hoechst
33342, trypsin-EDTA, glutaraldehyde, chlorpromazine, sodium azide,
genistein, monensin, FITC, ninhydrin, Heparin sodium salt from por-
cine, and potassium bromide (KBr) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Methyl-p-cyclodextrin was acquired from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). LysoTracker Red was
purchased from Molecular Probes/Invitrogen (Eugene, Oregon, USA).
Plasmid EGFP-C3 (size 4.7 kb) was procured from Takara Bio (Shiga,
Japan) and amplified in Escherichia coli strain DH-5a. The plasmid was
purified from the cell pellets using a purification kit (GeneMark, Taipei,
Taiwan). Fetal bovine serum (FBS) was purchased from Biological
Industries (Haemek, Israel). All reagents were used without further
purification.

2.2. Synthesis and characterization of the OC-modified proteins

Protein (OVA or zein) was cross-linked with OC in the presence of
glutaraldehyde via one-step process. The detail synthesis procedure was
reported in our previous publication (Kumari, Liu, & Wu, 2018). For the
oligochitosan modification on the protein moiety, OVA was dissolved in
distilled water. Zein was dissolved in ethanol. The formation of isomer
could be a major drawback in the case of covalent conjugation via
glutaraldehyde cross-linker. Therefore, in order to restrict the forma-
tion of isomer, the molar concentration ratio of protein and OC mole-
cules were controlled to maintain the degree of cross-linking. The molar
concentration ratio of protein to OC molecules crosslinked in both
vectors was 1:10 (mass ratio of protein/OC = 2 mg/0.2 mg), the amine
group of OC molecules has higher crosslinking efficiency towards the
amine group of OVA or zein molecules separately in the presence of
1.25% glutaraldehyde. The mixture of protein, OC, and glutaraldehyde
was reacted for 2h at room temperature. Finally, the free aldehyde
group was quenched by addition of 0.1 mg/mL glycine and vortexed for
30 min. The unreacted reagents were removed by washing twice with
deionized water using 50 kDa cutoff Vivaspin 6 tube through the cen-
trifugation technique to obtain the purified vectors. The synthesized
vectors were analyzed for their protein and OC content using bicinch-
oninic acid (BCA) and ninhydrin test. Additionally, the molecular
weight of the developed vector was studied by using ZetaSizer” Nano ZS
90 (Malvern Instruments, Worcestershire, UK).

2.2.1. Structural analysis of the OC-modified proteins

Structural analyses for zein, OVA, OC, zein-OC, and OVA-OC were
performed by using Fourier Transform Infrared Spectroscopy (FTIR)
(Alpha, Bruker Co., Germany). The IR spectra were recorded in the
range of 500-4000 cm ™! with a resolution of 2cm™! at room tem-
perature using KBr pellet. Background signals were corrected with pure
KBr pellet. An average of 25 scans has been collected for each sample.
The FTIR data was analyzed with Bruker Opus software. The amide I
band of IR spectra between 1600-1700 cm ™' were analyzed to de-
termine the secondary structure of both vectors. The region of amide I
band was evaluated by Fourier deconvolution and second derivative
using Opus software (Bruker Co.). The second derivative spectra of
amide I band was acquired after the base line correction followed by
nine point smoothing function to enhance the spectral resolution.
Further, Gaussian curve fitting profile was used for deconvoluted peaks
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and the height, area, and position of each peak was automatically tuned
to determine the contribution of each secondary structure component in
the amide I band.

2.2.2. Physiochemical characterization of the OC-modified proteins

Transmission electron microscopy (TEM, JM-1011, JEOL, Tokyo,
Japan) was used to assess the morphology of zein-OC and OVA-OC in
the dry state, and the particle size was calculated by using ImageJ
software (version 1.43). Briefly, 5uL of sample was dropped on the
carbon coated copper grid (CF200-Cu, Electron Microscopy Science,
Hatfield, PA, USA) and incubated for 5min. The excess sample was
carefully wiped by using a Kimwipe tissue. The same procedure was
performed twice to ensure enough particles in each mesh of the copper
grid. Finally, the grids were allowed to dry in a sealed desiccator before
TEM analysis. To estimate the isoelectric point (pI) of zein, OVA, zein-
OC, and OVA-OC, the samples were prepared at different pH (3-11)
conditions. The zeta potential was measured by using ZetaSizer’ Nano
ZS 90. Zein and OVA samples were used as the controls.

2.3. Preparation and characterization of the polyplexes

Prior to polyplex preparation, the plasmid encoding for green
fluorescent protein (GFP) was extracted from bacterial pellets using a
plasmid extraction kit. The concentration of extracted plasmid was
determined by NanoDrop spectrophotometer (Thermo, Wilmington,
DE, USA) and the purity of the isolated plasmid DNA was analyzed by
performing agarose gel electrophoresis. The isolated plasmid DNA was
further used to prepare vector/pDNA polyplexes to assess their gene
expression. Polyplexes were prepared at various weight ratios ranging
from 10:1 to 60:1, by mixing 1 pg of plasmid DNA with 10 to 60 pg of
zein-OC or OVA-OC in serum free DMEM media. The mixtures were
mixed with the pipette and further incubated for 30 min in an in-
cubator. The auto-assembly in the polyplex formation is based on the
electrostatic charge attraction between the positive charge of synthe-
sized vector and negative charge of pDNA. The particle size and zeta
potential of polyplexes were analyzed using ZetaSizer” Nano ZS 90 at a
backscattering angle of 173° and at a temperature of 25 °C.

2.3.1. DNA condensation and stability test of polyplexes

The DNA condensation ability of zein-OC and OVA-OC was in-
vestigated using agarose gel electrophoresis assay. Briefly, 5uL of
prepared polyplexes at the indicated weight ratio was mixed with 1 pL
of 6 x loading dye. The samples were electrophoresed on 1% agarose
gel containing the SafeView DNA for 20 min at 100V in 1X TAE buffer
solution at room temperature. The gel images were acquired by Gel-Doc
EZ Imager (Biorad, Hercules, CA). The pDNA protection ability of zein-
OC and OVA-OC in nucleases microenvironment from enzymatic de-
gradation was also assessed by agarose gel electrophoresis assay.
Briefly, 10 uL of prepared polyplexes at the indicated weight ratio were
treated with 1U DNase I for 30 min at 37 °C. At the end of the reaction,
DNase I was inactivated by using 8 uL of EDTA (0.5M, pH 8) solution
and incubated for 10 min. The samples were electrophoresed as de-
scribed above. The stability of zein-OC/pDNA polyplex and OVA-OC/
PDNA polyplex against anionic heparin competition was investigated as
follows. Briefly, 10 uL of the prepared polyplexes were exposed to dif-
ferent concentration of heparin from 1 pg/uL to 8 ug/uL for 2 h at 37 °C.
The disintegration of polyplexes was visualized by using the agarose
electrophoresis.

2.4. Gene delivery

2.4.1. Cell culture

HEK 293T and CHO-K1 were obtained from the Bioresource
Collection and Research Center (Hsinchu, Taiwan). Both cells were
cultured in Dulbecco’s modified Eagle’s medium-high glucose (DMEM-
HG, HyClone; GE Healthcare Life Sciences, Logan, UT, USA)
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supplemented with 10% FBS. The subculture was performed when cells
had 80% of confluence using trypsin-EDTA. All cells were maintained in
a humidified air atmosphere at 37 °C with 5% CO2. The cell mor-
phology and growth were monitored daily using a light microscope.
The cell density and viability were determined using a Beckman Coulter
counter (MS3 model) and hemocytometer, respectively.

2.4.2. Gene expression kinetics of the polyplexes

Prior to transfection, CHO-K1 and HEK 293 T cells were seeded onto
sterile coverslips (10-mm) in 48-well culture plates at a density of
50,000 cells/well. After reaching 80-90% confluence, cells were
transfected with 300 pL of freshly prepared polyplexes in serum-free
DMEM medium and incubated for 30-180 min at 37 °C. The transfec-
tion medium in each well was replaced with FBS-containing DMEM
medium at the indicated time periods and cells were cultured for an-
other 24 h. Finally, the cells were washed with 1X PBS and fixed with
ethanol/acetic acid solution (0.5mL 5% acetic acid in 9mL 95%
ethanol) for 5min at room temperature. Then, the cell nuclei were
stained by adding 300 pL of Hoechst 33342 (10 ppm) for 20 min. After
washing with 1X PBS solution, coverslips were mounted on glass slides
with DAKO fluorescent mounting media (Dako, Carpinteria, CA) and
the edges of the coverslip were sealed with nail polish. The cells were
screened for GFP expression by using confocal microscopy at 20 x
magnification. The excitation and emission wavelengths were 488 nm
and 509 nm for GFP, 405 nm and 460 nm for Hoechst 33342. 